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ABSTRACT 
Soybean Aphid Resistance in Exotic Soybean Lines 
 The soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae), is a common 
insect pest of soybean [Glycine max (L.) Merr] in China and is also found frequently in other 
Asian countries.  It was identified in the US in 2000 and has since spread throughout the soybean 
growing regions of the US and Canada.  Currently, there are four known soybean aphid 
resistance genes (Rag1 through Rag4) and a fifth gene, Rag5, which was identified at the Rag2 
locus.  Soybean aphid biotypes have also been identified that can overcome Rag1 and Rag2.  
Soybean aphid resistance was examined in the greenhouse in a collection of F2 families 
developed from 19 soybean aphid resistant exotic plant introduction (PI) lines with the objective 
of increasing the understanding of the genetics of soybean aphid resistance.  In addition, 104 
soybean aphid resistant PIs were haplotyped in the regions of Rag1 and Rag2 to gain information 
about the commonalities and differences in the genetic regions surrounding these genes.  
Resistance appeared to be controlled by a single dominant gene in 14 populations, two dominant 
genes in one population, a single recessive gene in one population, and three populations had no 
clear Mendelian segregation ratio.  The region around Rag2 was frequently significantly 
associated with resistance, indicating that this locus may be important in soybean aphid 
resistance.  Haplotyping results indicated that only three PIs had a haplotype similar to the Rag1 
source in the Rag1 region, and that 69 PIs had a haplotype similar to the Rag2 source in the Rag2 
region.  The haplotype data was inconclusive at identifying patterns of soybean aphid resistance. 
Genetic Progress in Soybean Yield 
 Between 1924 and 2010, US average soybean yields have increased at the rate of 21.3 kg 
ha
-1
 annually.  This yield gain has occurred due to improvements in soybean genetics, the 
production environment, or increased atmospheric CO2 levels.  The objectives of this research 
were to examine the rate of yield gain in northern soybean maturity group (MG) II, III, and IV 
cultivars and to compare the effects of rotation on yield gain for soybean following eleven years 
of continuous corn or following a corn-soybean rotation. 
 The experiment was performed in 2010, using 45 MG II soybean cultivars, 40 MG III 
cultivars, and 45 MG IV cultivars that were released between the 1923 and 2008.  Yield data was 
adjusted using maturity as a covariate.  Overall, the rate of raw yield gain was 22.8 kg ha
-1
 yr
-1
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and the rate of maturity-adjusted yield gain 19.8 kg ha
-1
 yr
-1
, suggesting that a large portion of 
the historic yield gains can be attributed to genetic improvements.  There was a significant 
rotation effect, with cultivars grown following continuous corn yielding on average 377 kg ha
-1
 
more than cultivars grown in a corn-soybean rotation.  No significant differences in rate of yield 
gain between prior planting treatments were observed at any of the six test locations.  Generally, 
disease symptoms and pathogen and pest levels were equal to or higher in the corn-soybean 
rotation plots compared with the continuous corn plots.  The lack of difference in yield gain from 
the two rotation treatments indicates that modern cultivars may not be more adapted to the 
stresses of the modern-day corn-soybean rotation production environment than older cultivars. 
Yield QTL Confirmation in Soybean 
 Increasing yield is one of the primary objectives that breeders are working to improve in 
soybean.  After initial mapping, yield quantitative trait loci (QTL) should be validated, 
confirming that the QTL are true yield increasing alleles that act consistently across multiple 
genetic backgrounds and environments.  In order to confirm a QTL, the Soybean Genetics 
Committee has set rules: the QTL must be confirmed at an experiment-wise error rate of 0.01 in 
a population developed from a separate set of meiotic events from the original population.   
Yield QTL confirmation was performed on four yield QTL that were identified by 
Guzman et al.
1
 in a mapping population developed using PI 68658 as the donor parent and 
Lawrence as the recurrent parent, and each yield allele provided an additive effect of 40 to 80 kg 
ha
-1
.  The yield QTL were examined in two confirmation populations: three QTL were studied in 
a population composed of three sets of near isogenic lines (NILs), and the effects of all four QTL 
were studied in a segregating recombinant inbred line (RIL) backcross population.  The three 
NIL populations were unable to significantly identify marker-yield associations, while the yield 
QTL linked to marker Satt300 (chromosome 5) was found to be significantly associated with 
yield (p < 0.001).  The PI 68658 allele at this marker had an additive effect of 68.4 kg ha
-1
, 
accounted for 10.7% of the phenotypic variation for yield, and was not associated with height, 
lodging, or maturity across the six environments the experiment was grown. 
                                                            
1 Guzman, P.S., B.W. Diers, D.J. Neece, S.K.S. Martin, A.R. Leroy, C.R. Grau, T.J. Hughes, and 
R.L. Nelson. 2007. QTL associated with yield in three backcross-derived populations of 
soybean. Crop Sci. 47:111-122.  
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CHAPTER ONE 
Literature Review 
SOYBEAN APHID RESISTANCE 
The soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae), is a common 
insect pest of soybean [Glycine max (L.) Merr] in China and also is found frequently in other 
Asian countries including Japan, Korea, the Philippines, and Thailand (Wu et al., 2004).  In 
2000, the soybean aphid was discovered in North America and is now considered to be the most 
important insect pest on soybean in the northern US.  After initial detection in Wisconsin in July 
2000, the soybean aphid was identified in nine other Midwestern states by the end of the 2000 
soybean season, and rapidly spread throughout the soybean growing regions of the US and 
Canada over the following years (Venette and Ragsdale, 2004). 
 Soybean aphids feed on the phloem of plants, and characteristic symptoms of feeding 
injury include leaf yellowing, leaf curling or wrinkling, defoliation, plant stunting, reduced 
branch number, and underdeveloped roots (Wu et al., 2004).  During severe aphid infestations, 
plant death may occur.  Aphid feeding is also associated with poor pod fill and reduced yield, 
seed size, and seed quality (Beckendorf et al., 2008; Kang et al., 2008; Mensah et al., 2005).  
Under heavy aphid pressure, yield losses have been reported to exceed 50% in the US and China 
(Ostlie, 2002; Wu et al., 2004).  However, even a low density of aphids (20 per leaflet) can cause 
a notable reduction in photosynthesis with no visible leaf injury, showing that minimal aphid 
feeding also can negatively impact soybean physiology and seed yield (Macedo et al., 2003).  In 
addition to direct feeding injury, aphids produce a sugary ‘honeydew’ secretion that encourages 
the growth of sooty mold, a complex of dark-colored fungi that commonly includes species 
belonging in the genera Capnodium and Scorias (Reynolds, 1998), on the soybean leaves, further 
decreasing leaf photosynthesis and plant productivity (He et al., 1991).  The soybean aphid also 
can indirectly reduce soybean yield by transmitting viruses, most importantly the soybean 
mosaic virus. 
 The soybean aphid has a heteroecious holocyclic lifecycle, meaning it undergoes sexual 
reproduction and alternates between a primary and secondary host.  The primary hosts are 
buckthorn (Rhamnus) species; this is the host where sexual reproduction occurs and the aphid 
overwinters.  Soybean is the secondary host and act as the host for asexual reproduction of the 
soybean aphid.  Very limited aphid colonization has been observed on other legume species 
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outside of G. max and G. soja (Hill et al., 2004a).  In both Asia and North America, the life cycle 
of the soybean aphid is similar, varying mainly by the species of Rhamnus that serves as the 
primary host.  While there are over 50 genera in the Rhamnaceae family and numerous species 
within the genus Rhamnus, a study by Voegtlin et al. (2005) showed that the soybean aphid 
migrated only to Rhamnus species and produced overwintering eggs on three of the seven 
species in North America.  Of these three species, R. carthartica, an introduced Eurasian species 
with a very widespread distribution, is the major overwintering host in North America (Voegtlin 
et al., 2005). 
 The soybean aphid life cycle, reviewed by Ragsdale et al. (2004), begins in the spring 
when nymphs hatch from eggs on buckthorn and mature into wingless stem mothers called 
fundatrices that produce parthenogenic generations containing winged adults.  The winged adults 
migrate from buckthorn to soybean and continue to reproduce asexually over the summer.  In the 
fall, winged females (gynoparae) are produced that migrate back to buckthorn and produce 
female oviparae.  The oviparae mate with winged males (androparae) and lay eggs on the 
buckthorn to overwinter.  Aphid eggs are capable of surviving colder temperatures than the 
active aphid life stages and have very low supercooling point, the coldest temperature survivable 
before instantaneous death, and the eggs can survive temperatures as cold as -34°C, compared to 
around -25°C for the active aphids (McCornack et al., 2005).  Sublethal cold stress can also 
damage the aphid and eggs, reducing populations during very cold temperatures in winter 
(Hutchinson and Bale, 1994). 
 Soybean aphid population demographics also are affected by summer temperatures.  
Under ideal conditions of 25°C, a soybean aphid population can double in 1.5 days and has a 
higher growth rate and fecundity at this temperature than at temperatures of 20 or 30°C 
(McCornack et al., 2004).  In the field under non-optimal constraints due to weather, predators, 
and host quality, the average population doubling time has been estimated to be 6.8 days 
(Ragsdale et al., 2007).  Without control, aphid populations can easily exceed 1,000 aphids per 
plant and have been reported to reach over 20,000 aphids per plant (Beckendorf et al., 2008).  
The soybean aphid appears to be highly capable of adapting to the North American climate and 
has the potential to become a pest in over 80% of the US soybean production area (Venette and 
Ragsdale, 2004), making it critical to identify effective control methods. 
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 In China, the soybean aphid has many natural enemies, including a number of parasitoids 
and predators.  The parasite Lysiphlebia japonica (Ashmead) (Hymenoptera: Braconidae) and 
insect predators such as lacewings, lady beetles, and syrphid flies, act to suppress aphid 
populations in China (Wu et al., 2004), preventing the soybean aphid from becoming a major 
pest in most years.  In the US, natural enemies to the soybean aphid are present but do not appear 
to control aphid populations as consistently as in China, which may result in more frequent 
severe infestations and higher yield losses in the US than in China (Magalhaes et al., 2009).  
Introducing biological control agents from Asia into the US could reduce the need for 
insecticidal control but there are many possible risks associated with this control method, and 
more research is needed before a decision can be made to release any biological control agents 
(Heimpel et al., 2004). 
 The primary method to control soybean aphids is through the application of chemical 
insecticides that are effective at decreasing aphid populations.  However, the timing and 
frequency of insecticide applications are critical for controlling populations, minimizing cost to 
the producer, and in avoiding excessive applications that could result in insecticide-resistant 
aphids and environmental problems (Ostlie, 2002).  Insecticide applications at flowering, from 
the R2 to R4 growth stages (Fehr et al., 1971), appear to be most successful in preventing yield 
loss (Myers et al., 2005; Ragsdale et al., 2007).  Based on the cost of control and the value of the 
soybean grain, Ragsdale et al. (2007) estimated the economic injury level to be 674 aphids per 
plant, and current recommendations are to apply a foliar insecticide after scouting indicates an 
aphid population above the economic threshold of 273 aphids per plant, allowing farmers to 
apply insecticide before the population reaches the injury level (Magalhaes et al., 2009). 
   Developing soybean varieties with resistance to the soybean aphid is a third important 
method of control, and is considered less costly to producers and more environmentally safe than 
insecticide applications.  Three classes of aphid resistance are possible: antixenosis, antibiosis, 
and tolerance (Hesler et al., 2007; Hill et al., 2004b; Mensah et al., 2005).  Antixenosis, also 
called non-host preference, is the inability of a plant to act as a host for the aphid, causing aphids 
to avoid these plants.  Antibiosis is characterized by negative effects on the aphid life cycle when 
it feeds on the resistant plant.  This type of resistance can result in aphid death, poor aphid 
reproduction, and less vigorous aphids.  Tolerance occurs when the plant is under aphid pressure 
but yields similarly to noninfested conditions.  Antibiosis and antixenosis can be evaluated in the 
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greenhouse using choice and non-choice tests while tolerance is typically examined in the field 
(Hill et al., 2004b).  In a choice test, the aphids are allowed to freely move among the soybeans 
to their preferred hosts.  Choice tests cannot distinguish between antibiosis and antixenosis.  
Non-choice tests capture the aphid on the host so that the effect of the host on the aphid life 
biology can be directly examined, and can differentiate antibiosis from antixenosis. 
 Between 2001 and 2004, Hill et al. (2004b) examined 1425 maturity group (MG) II to IV 
commercial soybean varieties, 79 commercial varieties adapted to the southern US, 106 Asian 
varieties, and 87 North American ancestral lines for resistance to the soybean aphid.  No 
resistance was found in the commercial or Asian varieties, but three lines, Dowling, Jackson, and 
PI 71506, were found to exhibit resistance.  Research suggests that the resistance in Dowling and 
Jackson is the antibiosis type and the resistance in PI 71506 is due to antixenosis (Hill et al., 
2004b).  Dowling and Jackson were each found to have resistance controlled by a single major 
gene, and there is no known genetic relationship existing between the two cultivars (Hill et al., 
2006a; Hill et al., 2006b).  The resistance genes from both Dowling and Jackson were mapped to 
the same region of chromosome 7 (linkage group M); the gene in Dowling was named Rag1 and 
the gene in Jackson was termed Rag until it is known if these two genes are the same or are 
unique alleles (Hill et al., 2006a; Hill et al., 2006b; Li et al., 2007).  Rag1 was later found to not 
be associated with any significant yield drag in Midwestern genetic backgrounds, making it a 
desirable resistance gene in breeding programs (Kim and Diers, 2009; Mardorf et al., 2010). 
 Mian et al. (2008a) evaluated 191 soybean lines and found no varieties or breeding lines 
that exhibited resistance, but identified three MG IV PI lines that exhibited strong resistance: PI 
243540, PI 567301B, and PI 567324.  The resistance in PI 243540 was further examined and 
found to be controlled by a single dominant gene named Rag2 on chromosome 13 (linkage group 
F) that provided antibiosis-type resistance (Kang et al., 2008; Mian et al., 2008b).  A second line, 
PI 200538, also was later found to have a major soybean aphid resistance gene mapping to the 
same region on chromosome 13 as Rag2.  It is not known if PI 243540 and PI 200538 have the 
same resistance gene or have different resistance alleles mapping to the same genetic region (Hill 
et al., 2009; Kim et al., 2010a). 
Extensive germplasm screening has revealed that soybean aphid resistance is not a 
common trait, even in germplasm from Asia where the soybean aphid is found.  Mensah et al. 
(2005) evaluated 2147 soybean MG 0 to III lines from Northern China for soybean aphid 
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resistance and found resistance in only four lines: PI 567543C, PI 567597C, PI 567541B, and PI 
567598B.  Further studies indicated that the resistance in PI 567598B and PI 567541B is 
controlled by two recessive genes (Mensah et al., 2008).  A single gene, designated Rag3, was 
identified in PI 567543C and was mapped to chromosome 16 (linkage group J) (Zhang et al., 
2010).  The two genes in PI 567541B were also mapped, with the major gene located on 
chromosome 7 in the region of Rag1 that has been designated rag1_provisional, and a minor 
gene was mapped to chromosome 13 and has been named rag4 (Zhang et al., 2009).  Both rag4 
and Rag2 map to chromosome 13 but are located over 65 cM apart from each other.  Recently, a 
gene identified from PI 567301B that shows antixenosis-type resistance has been mapped to the 
same region as Rag2, and has been named Rag5 (Jun et al., 2012). 
Identifying additional soybean aphid resistance genes is critical to protecting soybean 
yield because soybean aphid biotypes resistant to the known Rag genes have been discovered.  
Soybean aphid biotype 1, formerly called the Illinois biotype, cannot overcome Rag1 through 
rag4, and biotype 2, formerly called the Ohio biotype, is able to colonize plants with Rag1 and 
Rag but cannot colonize plants containing Rag2 (Kim et al., 2008).  Soybean aphid biotype 3 has 
been identified and can overcome Rag2 but not Rag1 (Hill et al., 2010).  This is problematic 
because aphid biotypes that can overcome Rag1 and Rag2 were identified before varieties 
carrying either gene were widely grown, making it imperative to continue to discover new 
resistance genes.  A number of research groups have identified additional resistant soybean lines 
that may contain novel genes or alleles that could provide control against emerging soybean 
aphid biotypes (Diaz-Montano et al., 2006; Hesler and Dashiell, 2008; Mian et al., 2008a). 
 The control mechanisms behind Rag1 and Rag2 are not currently known.  The region 
Rag1 maps to contains QTL for resistance to corn ear worm [Helicoverpa zea (Boddie)] and 
soybean cyst nematode (Heterodera glycines Ichinohe) (Li et al., 2007), indicating this region 
could contain a complex of pest-resistance genes or that there may be a single gene that acts in 
the resistance pathway against a variety of pests.  In an effort to clone the genes so the 
mechanism of resistance can be better understood, Rag1 was fine mapped to a 115 kb region that 
contains thirteen predicted genes based on the Williams 82 genome sequence, including two 
nucleotide binding site leucine-rich (NBS-LRR) genes, Glyma07g06890 and Glyma07g06920 
(Kim et al., 2010b).  Resistance genes are commonly identified from the NBS-LRR gene class, 
making these genes likely candidates. 
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The transcript profile of the resistant cultivar Dowling was compared to the profile of the 
susceptible cultivar Williams 82 to learn more about the soybean aphid resistance defense 
response (Li et al., 2008).  From this cDNA microarray study, 140 genes were found to respond 
in the resistance reaction, including genes associated with defense, secondary metabolism, and 
signaling.  The resistance profile had a pattern similar to the incompatible response occurring 
with avirulent P. syringae reactions, indicating Rag1 may also be involved in incompatible-like 
or hypersensitive reactions as a resistance mechanism (Li et al., 2008).  Soybean aphid feeding 
behavior also differs on resistant plants compared to susceptible plants.  On four resistant lines, 
Dowling, Jackson, K1939 and Pioneer 95B97 (two lines with unknown resistance genes), it was 
found that soybean aphids took twice as long to reach the sieve element and did not feed as long 
as on susceptible varieties, suggesting morphological or chemical components that affect the 
aphid feeding ability and duration may exist in resistant lines (Diaz-Montano et al., 2007). 
Rag2 was also mapped to a region that contains QTL associated with resistance to biotic 
stresses including Pseudomonas syringae (Rpg1), Phytophthora sojae (Rps3), soybean mosaic 
virus (Rsv1), root-knot nematode (Meloidogyne incognita), and corn ear worm  (Mian et al., 
2008b).  The Rag2 locus in PI 200538 has been fine mapped to a 54-kb interval on the Williams 
82 assembly which contains one possible NBS-LRR candidate gene, Glyma13g26000 (Kim et 
al., 2010a).  However, the candidate genes for both Rag1 and Rag2 were identified from the 
susceptible Williams 82 genome sequence, which does not contain either resistance gene 
meaning these genes need to be cloned from resistant genotypes to be definitively identified. 
 In sources of resistance studied to date, soybean aphid resistance was shown to be 
controlled by one or two genes (Hill et al., 2006a; Hill et al., 2006b; Hill et al., 2009; Kang et al., 
2008; Mensah et al., 2008).  The simple inheritance of aphid resistance genes allows breeders to 
rapidly introgress resistance into desirable varieties (Hill et al., 2006a; Kang et al., 2008).  
However, single genes are also more easily overcome than quantitative resistance with complex 
inheritance, and the emergence of soybean aphid biotypes highlights the need for durable 
resistance that could be provided by stacking multiple genes (Kim et al., 2010b; Mensah et al., 
2008).  As breeders continue to learn more about the genetics behind soybean aphid resistance 
and identify additional resistance alleles and genes, it should be possible to provide strong 
protection against the soybean aphid. 
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SOYBEAN GENETIC GAIN 
Soybean breeding efforts began in North America in the early 1900’s and have resulted in 
more than 2,600 released varieties over the past century (Carter et al., 2004).  During this time, 
soybean yields improved dramatically.  In 1924, soybean yields averaged just 690 kg ha
-1
 and by 
2010 the average national soybean yield had almost quadrupled to 2753 kg ha
-1
, with an average 
annual yield increase of 21.3 kg ha
-1
.  Numerous studies have examined the rate of yield 
improvement to determine whether a yield plateau is on the horizon, and none of these studies 
have found any indication that soybean yields have leveled off in recent years (De Bruin and 
Pedersen, 2008; Egli, 2008a; Egli, 2008b; Specht et al., 1999; Ustun et al., 2001; Wilcox, 2001).  
To further examine the rate of yield gain resulting from improved genetics alone, researchers 
have grown old and new cultivars in the same environment and compared the yields.  Using this 
method, estimates of annual yield gain in maturity group 000 to VI soybean cultivars have 
ranged from 11 kg ha
-1
 yr
-1
 to 25.4 kg ha
-1
 yr
-1
 (De Bruin and Pedersen, 2008; Ustun et al., 2001; 
Voldeng et al., 1997), showing the yield improvement of modern varieties over older varieties. 
The theoretical maximum biologically achievable yield for soybean has been predicted at 
8000 kg ha
-1
, with a functional yield of 6400 kg ha
-1
, which is the maximum estimated soybean 
yield attainable for the average U.S. grower (Specht et al., 1999).  However, these maximum 
numbers may need to be reexamined because Missouri farmer Kip Cullers achieved a world 
soybean yield record of 10071 kg ha
-1
 in 2010 (Dunn, 2010), clearly demonstrating that the 
soybean yield potential is much higher than previously thought.  In recent years it has been 
shown that yields over 6700 kg ha
-1
 (100 bu a
-1
) are no longer impossible to achieve, and 
growers can join the soybean industry’s “100 Bushel Club” when they hit this yield mark. 
 Yield increases have occurred due to improvements in both crop genetics and in 
optimizing the crop environment.  In the case of soybean management, improved planting and 
harvest equipment, earlier planting, narrow rows, use of superior pesticides, and conservation 
tillage have all contributed to the observed increased yields (Egli, 2008b; Kumudini, 2002; 
Specht et al., 1999).  Soybean genetic improvements have also led to higher yields due in part to 
increased lodging resistance, disease resistance, stress tolerance, and improved light capture and 
use of nutrients (Cober et al., 2005; De Bruin and Pedersen, 2008; De Bruin and Pedersen, 
2009b; Kumudini et al., 2001; Specht et al., 1999; Wilcox, 2001).  Significant progress has been 
made in incorporating resistance to pathogens including the soybean aphid (Aphis glycines 
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Matsumura), soybean cyst nematode (SCN) (Heterodera glycines), sudden death syndrome 
(Fusarium virguliforme), bacterial blight (Pseudomonas syringae pv. glycinea), rust 
(Phakopsora pachyrhizi), phytopthora root and stem rot (Phytophthora sojae), and numerous 
other diseases; this added resistance protects yields in modern varieties by reducing yield losses. 
 Modern soybean varieties may also have an increased tolerance for high plant population 
stress and may be able to yield relatively more under higher densities than older varieties.  Cober 
et al. (2005) examined the yield gain between old and new varieties at different densities and 
found that modern varieties had increased yields as population density increased, indicating that 
new varieties may be more adapted to high planting density than older varieties.  Conversely, De 
Bruin and Pedersen (2009b) did not find a significant difference in plant population tolerance, 
but instead proposed that the yield increase in modern varieties may be attributed to better light 
use efficiency.  Modern soybean varieties also accumulate significantly more dry matter than 
older varieties and continue to gain dry matter longer during the reproductive and seed filling 
period, providing more assimilates for seed production, which could lead to higher yields (De 
Bruin and Pedersen, 2009a; Kumudini et al., 2001; Kumudini, 2002).  Although yield is a 
quantitative trait that often has environment specific expression and is difficult to genetically 
predict, breeders have successfully continued to improve yields over the last century. 
 Soybean yield increases also occur due to rotation effects.  Many studies have shown that 
first year soybean following multiple consecutive years of corn or in an annual rotation with corn 
have a higher yield than soybean in monoculture, with an average yield increase of about 5-15% 
observed (Crookston et al., 1991; Kelley et al., 2003; Pedersen and Lauer, 2004; Porter et al., 
1997; Temperly and Borges, 2006).  Possible effects of rotation include: positive changes in soil 
nutrients, moisture, or structure, fewer noxious weeds, insects, or diseases, and possible growth 
effects due to compounds derived from previous crop residue (Crookston et al., 1991).  
Compared to continuous soybean, the soils in soybean fields rotated with corn were found to 
have higher soil carbon concentrations (Kelley et al., 2003) and higher soil moisture content, and 
plants have greater leaf area index (Pedersen and Lauer, 2004), which could contribute to the 
observed rotation effect on yield. 
Decreased disease pressure following rotation of a non-host crop is another possible 
mechanism for the yield increase observed.  In northern US fields, rotation of soybean with corn 
reduced SCN egg density, and rotation with multiple years of corn preceding soybean decreased 
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egg density to an even greater extent (Chen et al., 2001).  Chen et al. (2001) found that a SCN 
susceptible soybean variety monoculture had the lowest yield of all rotation sequences, and that 
SCN susceptible soybean following two years of corn yielded more than SCN susceptible 
soybean following one year of corn.  Rotation also had an effect on pod and stem blight 
(Diaporthe phaseolorum var. sojae) disease severity and yield; higher disease and lower yields 
were associated with soybean grown more frequently in a rotation, while soybean grown after 
five years of corn had the highest yield and lowest disease incidence (Pedersen and Grau, 2010). 
Rotation has not been found to be associated with higher yields for all soybean diseases.  
Whiting and Crookston (1993) examined the effect of brown stem rot (BSR) (Phialophora 
gregata) on soybean yield in different rotation sequences and found that BSR disease severity 
was higher under continuous soybean than in rotated soybean systems; however the authors 
determined that the yield differences were not due to BSR infection but were instead associated 
with rotation effects.  Other researchers have also found that annual rotation is not sufficient to 
reduce yield reductions associated diseases such as sudden death syndrome (Xing and Westphal, 
2009) and sclerotinia rot [Sclerotinia sclerotiorum (Lib.) de Bary] (Mueller et al., 2002).  
 
YIELD QTL IN SOYBEAN 
Soybean [Glycine max (L.) Merrill] was domesticated in China about 3000 years ago 
from the wild progenitor G. soja Seib. et Zucc. (Hymowitz, 2004).  Selection practices have 
since adapted domesticated soybean to multiple latitudes, improved disease resistance, and 
increased yield over ten times that of G. soja (Carter et al., 2004).  Soybeans were introduced 
into the United States in the mid-1700s (Hymowitz, 2004), and concerted breeding programs 
began in the 1930s in the public sector and in the 1970s in the private sector (Carter et al., 2004).  
The U.S. has become the leader in soybean production, producing 38% of the world’s soybeans 
in 2009. The U.S. is followed by Brazil (27%), Argentina (15%), and China (7%) as other major 
producers (American Soybean Association, 2009). 
Yield gain and yield protection are among the primary traits breeders are working to 
improve in soybean (Orf et al., 2004; Sebastian et al., 2010).  In crops, yield gains often occur by 
taking advantage of genetic diversity within the species to introduce new yield increasing alleles 
into varieties that lack these alleles.  Elite soybean, however, has a very narrow genetic base in 
North America, with just six ancestors contributing over 50% of the soybean genetic base and 
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only 17 ancestors making up about 84% of the base (Gizlice et al., 1994).  This narrowness is 
reinforced by the tendency for breeders to make biparental crosses between high-yielding lines, a 
practice which has occurred so widely throughout the North American breeding programs that 
past soybean breeding has been called “one large informal recurrent selection program” (Carter 
et al., 2004).  Even with such a restricted genetic base, modern soybean varieties have managed 
to maintain much of the genetic variation from the founding landraces (Hyten et al., 2006), 
possibly explaining the continued observed yield gains.  Between 1930 and 2003, soybean yields 
have increased about 26 kg ha
-1
 yr
-1
 (Leer, 2004).  Although soybean yields continue to increase, 
there is concern that a soybean yield plateau may soon be reached, significantly impacting world 
food production (Egli, 2008a). 
One method to continue yield gains is to increase the genetic diversity in soybean by 
using G. max plant introductions (PIs) that have not been utilized for breeding and by using the 
wild relative G. soja as a gene donor.  While the domestication of soybean retained much of the 
common genetic variation, there was still an extensive loss of many rare alleles (Hyten et al., 
2006), which might improve modern soybean cultivars.  Among worldwide germplasm 
collections, there are an estimated 47,000 G. max accessions and 8,500 G. soja accessions that 
could be evaluated for yield increasing genes (Carter et al., 2004).  However, it is difficult to 
identify yield genes from exotic germplasm due to the fact that yield is a complex quantitative 
trait which is often linked to undesirable agronomic traits or is associated with yield-influencing 
traits like maturity or height (Concibido et al., 2003; Kabelka et al., 2004; Reyna and Sneller, 
2001; Specht et al., 2001; Thompson and Nelson, 1998; Wang et al., 2004). 
In a study examining soybean lines containing between 25% and 100% G. max PI 
germplasm, lines containing 100% PI germplasm had very low yields while backcross lines 
(BC1) with 25% PI germplasm had higher yields than the cultivated recurrent parent, indicating 
that valuable yield alleles do exist in previously untapped germplasm sources (Thompson and 
Nelson, 1998).  G. soja has also been shown to possess yield increasing QTL (Concibido et al., 
2003; Li et al., 2008), showing that genes from both exotic G. max and G. soja lines have the 
potential to increase yield.  It is likely that many of the high yield alleles in soybean cultivars 
have already been fixed by past breeding efforts, so breeders are now very interested in 
introducing diversity by identifying yield alleles from unused exotic germplasm.   
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Breeders attempt to improve yield by identifying yield increasing genes that can be 
introgressed into current varieties.  Soybean yield QTL have been identified on all 20 
chromosomes (Table 1.1), with at least 15 studies identifying a total of 170 QTL associated with 
yield.  After eliminating QTL located within 10 cM of another QTL to remove redundancy, as 
many as 102 unique yield QTL are possible.  From the full list of yield QTL, the percent 
phenotypic variation (R
2
) explained by each individual QTL ranged from 2% to 45%, with an 
average of 15%.  Table 1.1 also shows there are at least four genetic regions where yield QTL 
have been repeatedly identified by multiple studies: chromosome 4 (LG C1) near Satt294, 
chromosome 6 (LG C2) near Satt489, chromosome 9 (LG K) near Satt337, and chromosome 20 
(LG I) near Satt440.  These areas have the potential to be yield hotspots, but none of these four 
QTL regions have been confirmed.  To date, only one yield QTL has been confirmed, cqSd yld-
001, and it is distantly located from Satt440 on chromosome 20, about 77 cM away.  It is likely 
that this confirmed QTL has a direct effect on protein content and only indirectly influences 
yield (Nichols et al., 2006). 
The presence of yield increasing alleles in exotic germplasm and cultivars was examined 
by Kabelka et al. (2004) using three sets of lines from a cross between BSR 101 and LG82-8379.  
BSR 101 was chosen because it has nine of the common North American cultivar ancestors in its 
pedigree.  LG82-8379 represents exotic germplasm and was developed from a cross between PI 
68658 and FC 04007B.  Fifteen yield alleles were identified in total, with nine of the yield 
increasing alleles contributed by LG82-8379 and six contributed by BSR 101.  Out of the 15 
yield QTL, only two were significantly associated with yield across all three sets of lines 
evaluated, and the yield increasing allele was contributed by LG82-8379 for both.  This study 
demonstrates that it could be difficult to identify yield increasing alleles from exotic germplasm 
which are not already contained within the cultivated gene pool.  Even with this difficulty, these 
results do show that yield increasing QTL can still be mined from PI lines and also that the 
expression of yield QTL can be variable. 
Guzman et al. (2007) also mapped yield increasing QTL alleles in three backcross 
populations using crosses between PI lines and adapted varieties.  The three PI parents used were 
PI 68658, PI 407720, and PI 394583, and the three recurrent parents were Lawrence, Beeson 80, 
and Kenwood.  Thirteen yield QTL were identified across the three populations, with a PI parent 
donating the yield increasing allele for eight of the QTL and an elite recurrent parent donating 
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five of the yield alleles.  All thirteen of the yield QTL regions had been identified by previous 
studies.  Late maturity was associated with increased yield for three QTL, and increased height 
was associated with yield for one QTL.  In the Beeson 80 and Kenwood populations, significant 
QTL by environment (QTL x E) interactions were observed for six yield QTL.  The results found 
by Guzman et al. (2007) agree with those of Kabelka et al. (2004) in that yield QTL were 
identified from both the exotic germplasm and the cultivar parents.  In addition, almost half of 
the QTL identified had QTL x E effects, suggesting that yield QTL may not act consistently 
across a range of environments. 
Smalley et al. (2004) developed three populations with the purpose of identifying yield 
QTL from elite cultivars, PI germplasm, or to find QTL that are common to both elite lines and 
exotic PIs.  The populations were developed through four cycles of recurrent selection; 
population AP10 was formed from the 40 highest yielding PI lines out of 240 PIs evaluated, 
population AP14 was formed from the 40 highest yielding elite lines in the Iowa yield test and 
Uniform Regional test, and population AP12 was formed using the 40 PIs and 40 elite lines.  
Overall, 43 yield QTL were identified, with 16 QTL contributed solely by the PI lines, 9 QTL 
contributed solely by the elite lines, and 41 QTL common to both PIs and elite lines.  The 16 
yield QTL found to be unique to the PI lines map regions that are not found in the elite 
germplasm pool and could be utilized to increase yield. 
In addition to exotic G. max germplasm, breeders are examining the wild ancestor G. soja 
for yield increasing alleles.  Domestication from G. soja ancestors to elite G. max varieties has 
resulted in a 65% loss of genetic diversity (Hyten et al., 2006), diversity that could have possibly 
contained valuable yield QTL.  Concibido et al. (2003) identified a yield QTL from G. soja on 
chromosome 14 (LG B2) that resulted in a 9.3% increase in yield.  The G. soja allele was found 
to significantly increase yield in two of six backgrounds it was tested.  A G. soja yield allele was 
also identified on chromosome 5 (LG A1) that provided a 6.3% yield increase over the G. max 
allele, however this QTL could not be confirmed at P < 0.05 in validation populations (Li et al., 
2008).  The lack of yield QTL identified from G. soja could be due in part to the undesirable 
agronomic characteristics common to G. soja (Concibido et al., 2003; Wang et al., 2004) that 
make it difficult to find favorable yield QTL.  Due to the low yields associated with G. soja 
compared to the high yield of G. max, it is difficult to select G. soja parents that have yield QTL 
which are superior to the QTL present in elite G. max cultivars (Carter et al., 2004).  It is also 
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difficult to select high yielding lines derived from elite x exotic crosses because the progeny may 
not be well-adapted to the desired elite breeding environment (Palomeque et al., 2009).  
Comparatively, it is much less difficult to identify disease or pest resistance QTL from exotic G. 
soja because the exotic resistance QTL is clearly superior to the susceptible QTL found in elite 
varieties and can be more easily selected (Reyna and Sneller, 2001). 
 Molecular marker technology advances have made it simpler and more efficient for 
researchers to map and work with QTL for many traits, including complex traits like yield 
(Concibido et al., 2003).  In theory, marker assisted selection (MAS) could be used to identify 
markers associated with yield QTL and introgress these QTL into elite cultivars.  However in 
practice, the effects of quantitative traits are often complex and difficult to work with due to 
different QTL segregating in different populations, QTL x genetic background interactions, and 
QTL x E interactions (Bernardo, 2008).  Using MAS to select multiple favorable alleles for a 
quantitative trait also requires progressively larger populations as the number of desired QTL 
increases (Xu and Crouch, 2008), limiting the ability of breeders to stack multiple minor yield 
QTL together.  Markers do have great value in identifying and introgressing yield QTL from 
exotic germplasm.  Although exotic soybean parents with new, positive yield QTL are difficult 
to select phenotypically, markers can be used to select genetically diverse lines that have an 
increased chance of containing unique alleles (Tanksley and McCouch, 1997).   
Molecular markers can also be used in backcrossing to more efficiently recover the elite parent 
genotype and transfer the desired exotic QTL (Li et al., 2008; Orf et al., 2004), speeding up the 
rate breeders can introgress exotic QTL into elite varieties.  MAS is commonly used by 
commercial breeding companies like Monsanto and Pioneer to breed for complex traits 
(Eathington et al., 2007; Sebastian et al., 2010).  In particular, Pioneer has developed a breeding 
scheme called Accelerated Yield Technology that uses context-specific MAS to select soybean 
genotypes that are predicted to have high yields (Sebastian et al., 2010).  In addition to MAS, 
using markers in genomewide selection is becoming an increasingly useful marker application to 
select for quantitative traits (Bernardo and Yu, 2007). 
 For MAS to be successful, the QTL that breeders are selecting for must be validated, 
confirming that they are true yield increasing alleles that act successfully across multiple genetic 
backgrounds.  The Soybean Genetics Committee (2007) has dictated rules for QTL confirmation: 
the QTL must be confirmed at an experiment-wise error rate of 0.01 in a population developed 
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from a separate set of meiotic events from the original population (ie: a new population 
generated from the cross, a new backcross population, or a population developed from a 
heterozygous plant from the original population).  To date, a total of 15 QTL have been 
confirmed in soybean for traits including oil and protein content, soybean cyst nematode 
resistance, seed weight, and yield (www.soybase.org).  In the case of yield, confirming QTL in 
soybean has proven quite difficult. As mentioned previously, Concibido et al. (2003) 
introgressed G. soja yield alleles into six cultivars and were able to confirm the yield effects in 
just two populations, and Li et al. (2008) was unable to confirm G. soja yield QTL at p < 0.01.  
QTL may fail to be confirmed if the original QTL was falsely detected or if the QTL was 
environment specific (Fasoula et al., 2004).  In addition, QTL confirmation is necessary to 
determine if the numerous yield increasing QTL which were already identified are effective 
across a large section of soybean germplasm or if the QTL have only a limited usefulness (Carter 
et al., 2004).  If breeders are able to confirm yield QTL in diverse genetic backgrounds, these 
QTL could prove very beneficial in continuing yield gains. 
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Table 1.1. Summary of quantitative trait loci (QTL) associated with yield identified across 15 studies. 
  
Chr† LG‡ 
Distance§ 
2006    2008 Marker R
2
 Source¶ Traits # Population†† Structure‡‡ Locs§§ Method¶¶ Reference 
1 D1a 17 16.1 Satt184 --- elite + PI --- AP14 (CV) recurrent 6 p.d.f. 
Smalley et al., 
2004 
1 D1a 44 47.5 Satt368 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et al., 
2004 
1 D1a 68 74.9 Satt547 0.08 LG82-8379 ht 
LG82-8379 x 
BSR101 F5:8 12 
single 
marker 
Kabelka et al., 
2004 
1 D1a 71 54.5 Satt436 --- PI --- 
AP10 (PI), 
AP12 (PI + CV) recurrent 6 p.d.f. 
Smalley et al., 
2004 
2 D1b 37 46.2 Satt157 --- elite + PI --- 
AP12 (PI + CV), 
AP14 (CV) recurrent  6 p.d.f. 
Smalley et al., 
2004 
2 D1b 73 82.9 Satt141 --- elite cv --- AP14 (CV) recurrent 6 p.d.f. 
Smalley et al., 
2004 
2 D1b 73 88.8 Satt412 0.13 TN93-99 --- 
N87-984-16 x 
TN93-99 F6:7 2 (3) CIM 
Panthee et al., 
2007 
2 D1b 77 83.2 Satt350 --- PI468916 mat 
IA2008 x 
PI468916 (G. 
soja) BC2F4 3 CIM 
Wang et al., 
2004 
2 D1b 116 118.6 Satt274 --- elite + PI --- 
AP10 (PI), 
AP12 (PI + CV) recurrent 6 p.d.f. 
Smalley et al., 
2004 
2 D1b 119 119.5 Satt459 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et al., 
2004 
3 N 23 17.4 Satt152 --- PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et al., 
2004 
3 N 28 22.6 Satt009 0.08 Forrest --- Essex x Forrest F5:15 2 (4) CIM 
Kassem et al., 
2006 
3 N 38 29.4 Satt584 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et al., 
2004 
3 N 53 43.7 Satt387 0.15 LG82-8379 mat, ht 
LG82-8379 x 
BSR101 F5:8 12 CIM 
Kabelka et al., 
2004 
3 N 55   Rpg4 0.04 Minsoy --- Minsoy x Noir 1 F7:11 2 CIM 
Specht et al., 
2001 
3 N 65 52.4 Satt521 --- PI --- 
AP12 (PI + 
CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
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Table 1.1. (cont.)          
Chr† LG‡ 
Distance§ 
2006    2008 Marker R
2
 Source¶ Traits # Population†† Structure‡‡ Locs§§ Method¶¶ Reference 
3 N 76 60.2 Satt339 0.12 LG82-8379 ht 
LG82-8379 x 
BSR101 F5:8 12 CIM 
Kabelka et 
al., 2004 
3 N 79 64.9 Sat_091 --- elite + PI --- 
AP10 (PI), 
AP14 (CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
3 N 93 74.7 Satt257 --- PI468916 --- 
IA2008 x 
PI468916 (G. 
soja) BC2F4 3 CIM 
Wang et al., 
2004 
4 C1 0 5.7 Satt565 --- elite + PI --- AP14 (CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
4 C1 10 3 
SOYGP
ATR --- elite + PI --- AP14 (CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
4 C1 65 40.9 Satt578 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
4 C1 73 52.2 Satt190 --- elite + PI --- AP14 (CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
4 C1 76   Satt399 0.14 Kenwood --- 
(PI391583 x 
PI297544) x 
Kenwood BC1F5 8 CIM 
Guzman et 
al., 2007 
4 C1 77 54.3 Sat_085 --- elite + PI --- 
AP10 (PI), 
AP12 (PI + 
CV), AP14 
(CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
4 C1 79 51.9 Satt294 --- elite + PI --- 
AP10 (PI), 
AP14 (CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
4 C1 79 51.9 Satt294 0.1 Forrest --- 
Essex x 
Forrest F5:10 4 IM 
Yuan et al., 
2002 
4 C1 79 51.9 Satt294 0.1 Forrest --- 
Essex x 
Forrest F5:10 4 IM 
Yuan et al., 
2002 
4 C1 79 51.9 Satt294 0.1 Forrest --- 
Essex x 
Forrest F5:15 1-3 (4) CIM 
Kassem et 
al., 2006 
4 C1 124 101.2 Satt338 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
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Table 1.1. (cont.)          
Chr† LG‡ 
Distance§ 
2006    2008 Marker R
2
 Source¶ Traits # Population†† Structure‡‡ Locs§§ Method¶¶ Reference 
5 A1 17 18.9 Satt276 --- elite cv --- 
AP12 (PI + 
CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
5 A1 23 22.7 Satt165 --- PI --- 
AP12 (PI + 
CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
5 A1 26 26 Satt382 0.12 LG82-8379 mat, ht 
LG82-8379 x 
BSR101 F5:8 12 
single 
marker 
Kabelka et 
al., 2004 
5 A1 28 26.8 Satt471 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
5 A1 28 27.9 Satt042 0.15 TN93-99 mat 
N87-984-16 x 
TN93-99 F6:7 2 (3) CIM 
Panthee et 
al., 2007 
5 A1 29 28.8 Satt364 --- elite + PI --- 
AP12 (PI + 
CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
5 A1 31   Satt300 0.18 PI68658 --- 
Lawrence x 
PI68658 BC3F2 7 
single 
marker 
Guzman et 
al., 2007 
5 A1 65 58.5 Satt385 --- elite cultivar --- 
AP12 (PI + 
CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
5 A1 71 62.7 Satt545 --- elite + PI --- 
AP10 (PI), 
AP12 (PI + 
CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
5 A1 94 80.7 Satt511 0.13 PI245331 --- 
Variety 7499 x 
PI245331 (G. 
soja) BC2F4 4 CIM 
Li et al., 
2008 
5 A1 95 79.3 Satt225 0.14 BSR101 --- 
LG82-8379 x 
BSR101 F5:8 12 CIM 
Kabelka et 
al., 2004 
6 C2 30 29.6 Satt640 0.09 PI68658 --- 
Lawrence x 
PI68660 BC3F2 4 (7) 
single 
marker 
Guzman et 
al., 2007 
6 C2 31 31.8 Sat_062 --- elite cv --- 
AP12 (PI + 
CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
6 C2 40 38.9 Satt281 0.04 Minsoy mat 
Minsoy x Noir 
1 F7:11 2 CIM 
Specht et al., 
2001 
6 C2 98 89.7 Satt363 0.1 BSR101 ht 
LG82-8379 x 
BSR101 F5:8 12 
single 
marker 
Kabelka et 
al., 2004 
6 C2 98 89.7 Satt363 0.1 Forrest --- 
Essex x 
Forrest F5:15 2 (4) CIM 
Kassem et 
al., 2006 
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Table 1.1. (cont.)          
Chr† LG‡ 
Distance§ 
2006    2008 Marker R
2
 Source¶ Traits # Population†† Structure‡‡ Locs§§ Method¶¶ Reference 
6 C2 108 98.3 Satt277 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
6 C2 108 98.3 Satt277 0.11 Noir 1 --- Noir 1 x Archer F7 4 IM 
Orf et al., 
1999 
6 C2 112 102.2 Satt557 0.22 PI391583 mat, ht 
(PI391583 x 
PI297544) x 
Kenwood BC1F5 8 CIM 
Guzman et 
al., 2007 
6 C2 113 103.2 Satt489 
0.06-
0.13 Minsoy mat, ht Minsoy x Noir 1 F7:11 2 CIM 
Specht et al., 
2001 
6 C2 113 103.9 Satt134 0.4 IA2008 mat, ht 
IA2008 x 
PI468916 (G. 
soja) BC2F4 3 CIM 
Wang et al., 
2004 
6 C2 118 106.8 Satt079 0.13 Forrest ht Essex x Forrest F5:15 4 CIM 
Kassem et 
al., 2006 
6 C2 152 133.4 Satt357 --- PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
7 M 8 7.8 Satt590 --- elite + PI --- 
AP10 (PI), AP14 
(CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
7 M 19 16.9 Satt150 
0.06-
0.19 Minsoy mat, ht Minsoy x Noir 1 F7 4 IM 
Orf et al., 
1999 
7 M 33 32.7 Satt567 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
7 M 36 34.3 Satt540 --- elite + PI --- 
AP10 (PI), AP12 
(PI + CV), AP14 
(CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
7 M 50 33-46 
Satt567-
Satt463 0.29 IA2008 mat, ht 
IA2008 x 
PI468916 (G. 
soja) BC2F4 3 CIM 
Wang et al., 
2004 
7 M 67 61.9 Satt175 --- elite + PI --- 
AP10 (PI), AP14 
(CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
7 M 80 74.9 Satt306 --- PI --- AP12 (PI + CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
7 M 104 96.3 Sat_121 --- elite + PI --- 
AP10 (PI), AP12 
(PI + CV), AP14 
(CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
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Table 1.1. (cont.) 
Chr† LG‡ 
Distance§ 
2006    2008 Marker R
2
 Source¶ Traits # Population†† Structure‡‡ Locs§§ Method¶¶ Reference 
7 M 104 96.3 Sat_121 --- elite + PI --- 
AP10 (PI), AP12 
(PI + CV), AP14 
(CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
7 M 112 103.6 Satt210 --- elite + PI --- 
AP10 (PI), AP12 
(PI + CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
7 M 131   Satt308 0.18 BSR101 --- 
LG82-8379 x 
BSR101 F5:8 12 
single 
marker 
Kabelka et 
al., 2004 
7 M 134 125.6 Satt336 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
7 M 
19-
34 17-33 
Satt150-
567 
0.13-
0.38 Noir 1 mat, ht Minsoy x Noir 1 F7:11 2 CIM 
Specht et al., 
2001 
8 A2 9 7.4 Satt390 --- elite + PI --- AP14 (CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
8 A2 35 30.2 Satt493 --- elite + PI --- 
AP10 (PI), AP12 
(PI + CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
8 A2 52 46.6 Sat_162 0.12 Forrest --- Essex x Forrest F5:15 1-3 (4) CIM 
Kassem et 
al., 2006 
8 A2 55 49.9 Satt187 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
8 A2 84 72.2 Sat_129 --- elite cv --- AP14 (CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
8 A2 130 115 Satt455 --- elite + PI --- AP14 (CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
8 A2 146 126.1 Satt409 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
8 A2 162 139.4 Satt429 --- elite cv --- AP14 (CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
8 A2 166 143.7 Satt378 --- elite + PI --- 
AP12 (PI + CV), 
AP14 (CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
9 K 2 3 Satt539 0.14 Hartwig ht Flyer x Hartwig F5:11 4 IM 
Yuan et al., 
2002 
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Table 1.1. (cont.)          
Chr† LG‡ 
Distance§ 
2006    2008 Marker R
2
 Source¶ Traits # Population†† Structure‡‡ Locs§§ Method¶¶ Reference 
9 K 5 6.5 Sat_087 --- elite + PI --- 
AP10 (PI), AP12 
(PI + CV), AP14 
(CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
9 K 17 18.5 Sat_119 --- elite + PI --- AP14 (CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
9 K 43 38.6 Satt544 --- elite + PI --- 
AP10 (PI), AP12 
(PI + CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
9 K 43 38.6 Satt544 0.38 BSR101 mat, ht 
LG82-8379 x 
BSR101 F5:8 12 CIM 
Kabelka et 
al., 2004 
9 K 46 39.9 Satt046 0.1 Lawrence  --- 
Beeson 80 x 
PI407720 BC2F5 8 CIM 
Guzman et 
al., 2007 
9 K 47 38.9 Satt337 0.14 Flyer --- Flyer x Hartwig F5:11 4 IM 
Yuan et al., 
2002 
9 K 47 38.9 Satt337 0.1 Essex  --- Essex x Forrest F5:10 4 IM 
Yuan et al., 
2002 
9 K 47 38.9 Satt337 0.14 Flyer --- Flyer x Hartwig F5:11 4 IM 
Yuan et al., 
2002 
9 K 47 38.9 Satt337 0.1 Essex  --- Essex x Forrest F5:10 4 IM 
Yuan et al., 
2002 
9 K 47 38.9 Satt337 0.1 Essex  --- Essex x Forrest F5:15 1-3 (4) CIM 
Kassem et 
al., 2006 
9 K 50 42.7 Satt326 0.02 Noir 1 mat Minsoy x Noir 1 F7:11 2 CIM 
Specht et al., 
2001 
9 K 54 36 
Satt137-
Satt178 0.4 IA2008 ht 
IA2008 x 
PI468916 (G. 
soja) BC2F4 3 CIM 
Wang et al., 
2004 
9 K 57 45.5 Satt273 --- elite + PI --- 
AP10 (PI), AP14 
(CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
10 O 5 5.4 Satt358 --- elite + PI --- 
AP10 (PI), AP14 
(CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
10 O 5 5.4 Satt358 0.14 BSR101 ht 
LG82-8379 x 
BSR101 F5:8 12 CIM 
Kabelka et 
al., 2004 
10 O 9 9 Satt487 --- elite + PI --- 
AP10 (PI), AP14 
(CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
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Table 1.1. (cont.)          
Chr† LG‡ 
Distance§ 
2006    2008 Marker R
2
 Source¶ Traits # Population†† Structure‡‡ Locs§§ Method¶¶ Reference 
10 O 20 17.4 Satt445 0.1 Lawrence  --- Lawrence x PI68662 BC3F2 4 (7) 
single 
marker 
Guzman et 
al., 2007 
10 O 40 34.9 Satt259 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
10 O 50 47.1 Satt420 0.02 Minsoy mat Minsoy x Noir 1 F7:11 2 CIM 
Specht et 
al., 2001 
10 O 71 66 Satt478 --- elite + PI --- AP14 (CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
10 O 82 77.3 Satt477 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
10 O 82 77.3 Satt477 0.1 PI391583 mat 
(PI391583 x 
PI297544) x 
Kenwood BC1F5 8 
single 
marker 
Guzman et 
al., 2007 
10 O 93 92.4 Satt331 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
10 O 100 91.4 Satt592 --- elite + PI --- 
AP10 (PI), AP12 (PI 
+ CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
10 O 112 103.6 Sat_038 --- elite cv --- AP14 (CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
10 O 129 117.4 Sat_108 --- 
elite 
cultivar --- AP12 (PI + CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
11 B1 32 37.5 Satt509 --- PI --- 
AP10 (PI), AP12 (PI 
+ CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
11 B1 86 84.7 Satt444 --- PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
11 B1 103 93.1 Satt359 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
12 H 44 40.9 Satt192 --- PI --- AP12 (PI + CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
12 H 59 55.2 Satt469 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
12 H 69 64.6 Satt314 0.03 Minsoy ht Minsoy x Noir 1 F7:11 2 CIM 
Specht et 
al., 2001 
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Table 1.1. (cont.)          
Chr† LG‡ 
Distance§ 
2006    2008 Marker R
2
 Source¶ Traits # Population†† Structure‡‡ Locs§§ Method¶¶ Reference 
12 H 69 64.6 Satt314 0.03 Minsoy ht Minsoy x Noir 1 F7:11 2 CIM 
Specht et al., 
2001 
12 H 86 83.8 Satt142 0.35 BSR101 ht 
LG82-8379 x 
BSR101 F5:8 12 CIM 
Kabelka et 
al., 2004 
12 H 89 85.5 Satt317 --- PI --- 
AP10 (PI), AP12 
(PI + CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
12 H 106 99.6 Satt434 --- elite + PI --- AP12 (PI + CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
13 F 2 37.1 Satt146 --- elite + PI --- 
AP10 (PI), AP14 
(CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
13 F 44 24.7 Satt516 --- PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
13 F 64 43.9 Satt114 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
13 F 71 -- Satt510 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
13 F 76 58.4 Sat_120 --- elite + PI --- 
AP10 (PI), AP14 
(CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
13 F 78 -- Satt334 --- elite + PI --- 
AP10 (PI), AP12 
(PI + CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
13 F 102 51.2 Satt144 0.13 Archer --- Noir 1 x Archer F7 4 IM 
Orf et al., 
1999 
13 F 142 111.6 Sat_074 --- elite + PI --- 
AP10 (PI), AP12 
(PI + CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
13 F 142 111.6 Sat_074 
0.02-
0.04 Noir 1 mat Minsoy x Noir 1 F7:11 2 CIM 
Specht et al., 
2001 
14 B2 6 5.5 Satt577 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
14 B2 55 46.9 Satt168 0.16 BSR101 --- 
LG82-8379 x 
BSR101 F5:8 12 CIM 
Kabelka et 
al., 2004 
14 B2 66 56.1 Satt304 --- elite + PI --- 
AP10 (PI), AP14 
(CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
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Table 1.1. (cont.)          
Chr† LG‡ 
Distance§ 
2006    2008 Marker R
2
 Source¶ Traits # Population†† Structure‡‡ Locs§§ Method¶¶ Reference 
14 B2 75 63.4 Satt474 0.08 PI68658 mat 
Lawrence x 
PI68659 BC3F2 7 CIM 
Guzman et 
al., 2007 
14 B2 79 68.4 Satt066 --- elite cv --- AP12 (PI + CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
14 B2 79 68.4 Satt066 ---- PI407305 ht 
HS-1 x PI407305 
(G. soja) BC2F1 10 IM 
Concibido et 
al., 2003 
15 E 3 3.7 Satt575 0.28 IA2008 ht 
IA2008 x PI468916 
(G. soja) BC2F4 3 CIM 
Wang et al., 
2004 
15 E 13 13.7 Satt411 --- PI --- 
AP10 (PI), AP12 
(PI + CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
15 E 16 50.8 Sat_124 --- elite + PI --- 
AP10 (PI), AP12 
(PI + CV), AP14 
(CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
15 E 34 69.7 Satt598 --- elite + PI --- AP14 (CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
15 E 44 75.7 Satt491 --- PI468916 --- 
IA2008 x PI468916 
(G. soja) BC2F4 3 CIM 
Wang et al., 
2004 
16 J 12 13.4 Satt405 0.05 PI391583 mat 
(PI391583 x 
PI297544) x 
Kenwood BC1F5 8 CIM 
Guzman et 
al., 2007 
16 J 23 46.1 Satt622 0.12 PI68658 --- 
Lawrence x 
PI68661 BC3F2 7 CIM 
Guzman et 
al., 2007 
16 J 25 24.2 Satt285 0.1 Forrest --- Essex x Forrest F5:15 1 (4) CIM 
Kassem et 
al., 2006 
16 J 42 45.7 Satt529 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
16 J 44 47.4 Satt215 0.11 PI68658 --- 
Beeson 80 x 
PI407720 BC2F5 8 CIM 
Guzman et 
al., 2007 
16 J 68 74.9 Satt547 0.45 PI68658 ht 
Beeson 80 x 
PI407720 BC2F5 8 
single 
marker 
Guzman et 
al., 2007 
16 J 74 -- G815 0.02 Minsoy ht Minsoy x Noir 1 F7:11 2 CIM 
Specht et al., 
2001 
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Table 1.1. (cont.) 
Chr† LG‡ 
Distance§ 
2006    2008 Marker R
2
 Source¶ Traits # Population†† Structure‡‡ Locs§§ Method¶¶ Reference 
17 D2 3 4.5 Sctt008 --- PI --- AP12 (PI + CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
17 D2 25 24.4 Satt458 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
17 D2 26 25.5 Satt135 --- PI --- AP12 (PI + CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
17 D2 48 42.7 Satt002 0.08 Archer --- Noir 1 x Archer F7 4 IM 
Orf et al., 
1999 
17 D2 79 68.2 Satt389 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
17 D2 85 72.5 Satt311 --- elite + PI --- 
AP10 (PI), AP12 
(PI + CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
17 D2 87 74.2 Satt082 --- elite + PI --- AP14 (CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
17 D2 94 79.2 Satt301 --- PI --- AP12 (PI + CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
17 D2 105 92.2 Satt186 0.21 BSR101 --- 
LG82-8379 x 
BSR101 F5:8 12 CIM 
Kabelka et 
al., 2004 
18 G 4 10.1 Satt309 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
18 G 33 35.4 Satt324 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
18 G 43 43.3 Satt394 0.28 BSR101 mat 
LG82-8379 x 
BSR101 F5:8 12 
single 
marker 
Kabelka et 
al., 2004 
18 G 70 66.4 Satt517 --- elite + PI --- AP14 (CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
18 G 97 89.4 Satt191 0.27 
LG82-
8379 ht 
LG82-8379 x 
BSR101 F5:8 12 CIM 
Kabelka et 
al., 2004 
19 L 30 28.4 Satt143 --- elite + PI --- AP10 (PI) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
19 L 34 32.3 Satt313 0.13 Kenwood --- 
(PI391583 x 
PI297544) x 
Kenwood BC1F5 8 CIM 
Guzman et 
al., 2007 
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Table 1.1. (cont.) 
Chr† LG‡ 
Distance§ 
2006    2008 Marker R
2
 Source¶ Traits # Population†† Structure‡‡ Locs§§ Method¶¶ Reference 
19 L 41 37.2 Satt462 --- elite + PI --- 
AP10 (PI), AP12 
(PI + CV), AP14 
(CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
19 L 61 55.7 Satt076 0.14 TN93-99 --- 
N87-984-16 x 
TN93-99 F6:7 3 CIM 
Panthee et 
al., 2007 
19 L 87 -- G173b 
0.02-
0.09 Noir 1 mat, ht Minsoy x Noir 1 F7:11 2 CIM 
Specht et al., 
2001 
19 L 92 -- Satt006 --- PI468916 --- 
IA2008 x PI468916 
(G. soja) BC2F4 3 CIM 
Wang et al., 
2004 
20 I 35 30.5 Satt127 --- elite + PI --- 
AP10 (PI), AP12 
(PI + CV), AP14 
(CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
20 I  35 30.5 Satt127 0.26 
A81-
356022 mat, ht 
A81-356022 x PI 
468916 (G. soja) BC3F4:5 4 CIM 
Sebolt et al., 
2000 
20 I  35 30.5 Satt127 0.26 
A81-
356022 mat, ht 
A81-356022 x PI 
468916 (G. soja) BC3F4:5 4 CIM 
Sebolt et al., 
2000 
20 I 37 29.6 Satt239 --- 
A81-
356022 mat 
A81-356022 x PI 
468916 (G. soja) BC4F3:4 3 
single 
marker 
Nichols et 
al., 2006 
20 I 37 29.6 Satt239 --- elite + PI --- 
AP10 (PI), AP12 
(PI + CV), AP14 
(CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
20 I 37 31.5 Satt496 0.19 
Asgrow 
A3733 mat 
437088A x Asgrow 
A3733 F5:7 1 CIM 
Chung et al., 
2003 
20 I 50 42.6 Satt270 --- elite + PI --- 
AP10 (PI), AP12 
(PI + CV) recurrent 6 p.d.f. 
Smalley et 
al., 2004 
20 I 52   A955a 0.03 Minsoy --- Minsoy x Noir 1 F7:11 2 CIM 
Specht et al., 
2001 
20 I 113 109.6 Satt440 0.1 Forrest mat, ht Essex x Forrest F5:10 4 IM 
Yuan et al., 
2002 
20 I 113 109.6 Satt440 0.1 Forrest mat, ht Essex x Forrest F5:10 4 IM 
Yuan et al., 
2002 
20 I 113 109.6 Satt440 0.15 
LG82-
8379 --- 
LG82-8379 x 
BSR101 F5:8 12 
single 
marker 
Kabelka et 
al., 2004 
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Table 1.1. (cont.) 
Chr† LG‡ 
Distance§ 
2006    2008 Marker R
2
 Source¶ Traits # Population†† Structure‡‡ Locs§§ Method¶¶ Reference 
20 I 113 109.6 Satt440 0.1 Forrest --- Essex x Forrest F5:15 1-3 (4) CIM 
Kassem et 
al., 2006 
-- "15" -- -- 
A584-
R79 0.2 Noir 1 --- Minsoy x Noir 1 F2:5 2 IM 
Mansur et 
al., 1993 
-- "2" -- -- 
A109a-
A397 0.24 Minsoy --- Minsoy x Noir 1 F2:5 2 IM 
Mansur et 
al., 1993 
 
 
† Chromosome number the QTL was assigned to. 
‡ LG, linkage group designation for the QTL. 
§ Genetic position of the marker on the 2006 and 2008 consensus maps. 
¶ The parent contributing the yield increasing allele; “elite + PI” indicates the allele was common to PI and elite cultivars. 
# Association of yield with height (ht) or maturity (mat) at the locus. 
†† Parents or population evaluated by the study.  AP10, AP12, and AP14 were populations created by recurrent selection; AP10 was     
formed with 40 PI lines, AP12 was formed with 40 PIs and 40 elite parents, and AP14 was formed with 40 elite cultivars. 
‡‡ Structure of the mapping or QTL-discovery population. 
§§ Number of locations the QTL was significant at, 2 (4) indicates the 2 locations out of 4 tested were significant. 
¶¶ QTL mapping method used by the study: composite interval method (CIM), interval mapping (IM), one-way ANOVA (single 
marker), probability density function (p.d.f.).
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CHAPTER TWO 
Soybean Aphid Resistance in Exotic Soybean Lines 
INTRODUCTION 
 The soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae), is a common 
insect pest of soybean [Glycine max (L.) Merr] in China and also is found frequently in other 
Asian countries (Wu et al., 2004).  In 2000, the soybean aphid was first discovered in North 
America and is now considered to be the most important insect pest on soybean in the northern 
US.  After initial detection in July 2000, the soybean aphid has rapidly spread throughout the 
soybean growing regions of the US and Canada (Venette and Ragsdale, 2004). 
 Soybean aphids feed on the phloem of plants, and characteristic symptoms of feeding 
injury include leaf yellowing, leaf curling or wrinkling, defoliation, plant stunting, reduced 
branch number, and underdeveloped roots (Wu et al., 2004).  Aphid feeding is also associated 
with poor pod fill and reduced yield, seed size, and seed quality (Beckendorf et al., 2008; Kang 
et al., 2008; Mensah et al., 2005).  Under heavy aphid pressure, yield losses have been reported 
to exceed 50% in the US and China (Ostlie, 2002; Wu et al., 2004).   Even a low density of 
aphids and no visible leaf damage can cause a significant reduction in photosynthesis, showing 
that aphid feeding negatively affects soybean physiology and seed yield (Macedo et al., 2003). 
 The initial method to control the soybean aphid was through the application of chemical 
insecticides that are effective at decreasing aphid densities.  However, appropriate timing and 
frequency of insecticide applications are critical for controlling populations, minimizing costs to 
the producer, and for avoiding excessive applications that could result in insecticide-resistant 
aphids and environmental problems (Ostlie, 2002).   Developing soybean cultivars with 
resistance to the soybean aphid is another important method of control and is considered less 
costly to producers and more environmentally safe than insecticide applications.   
Between 2001 and 2004, Hill et al. (2004) examined 1425 maturity group (MG) II to IV 
commercial soybean cultivars, 79 commercial cultivars adapted to the southern US, 106 Asian 
cultivars, and 87 North American ancestral lines for resistance to the soybean aphid.  No 
resistance was found in the commercial or Asian cultivars, but three lines, Dowling, Jackson, and 
plant introduction (PI) 71506, exhibited resistance.  Dowling and Jackson were found to have 
resistance controlled by a single major gene (Hill et al., 2006a; Hill et al., 2006b) that mapped to 
the same region of chromosome 7 (linkage group M). The gene in Dowling was named Rag1 and 
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the gene in Jackson was termed Rag until it is known if these two genes are the same or different 
alleles (Hill et al., 2006a; Hill et al., 2006b; Li et al., 2007).  Rag1 is not associated with any 
significant yield drag in Midwestern genetic backgrounds, making it a desirable resistance gene 
in breeding programs (Kim and Diers, 2009; Mardorf et al., 2010). 
Mian et al. (2008a) identified three MG IV PI lines that exhibited strong aphid resistance: 
PI 243540, PI 567301B, and PI 567324.  The resistance in PI 243540 was further examined and 
found to be controlled by a single dominant gene named Rag2 on chromosome 13 (linkage group 
F) that provided antibiosis-type resistance (Kang et al., 2008; Mian et al., 2008b).  A second line, 
PI 200538, was also found to have a major soybean aphid resistance gene mapping to the same 
region on chromosome 13 as Rag2, but it is not yet known if these two genes are the same or are 
different alleles or genes (Hill et al., 2009; Kim et al., 2010a).  Three additional resistance genes 
have since been identified.  Rag3 was identified in PI 567543C and was mapped to chromosome 
16 (linkage group J) (Zhang et al., 2010), and rag4 was identified in PI 567541B on chromosome 
13 over 65 cM away from Rag2 (Zhang et al., 2009).  Recently, a gene identified from PI 
567301B that shows antixenosis-type resistance has been mapped to the same region as Rag2, 
and has been termed Rag5 (Jun et al., 2012). 
Soybean aphid biotypes resistant to the known Rag genes have been discovered, making 
it critical to identify additional soybean aphid resistance genes.  Soybean aphid biotype 1 cannot 
overcome Rag1 through rag4, while aphid biotype 2 is able to colonize plants with Rag1 and 
Rag but cannot colonize plants containing Rag2 (Kim et al., 2008).  Soybean aphid biotype 3 can 
overcome Rag2 but not Rag1 (Hill et al., 2010).  This is problematic because aphid biotypes that 
can overcome Rag1 and Rag2 were identified before commercial cultivars carrying either gene 
were widely grown, making it imperative to continue to discover new resistance genes.  A 
number of research groups have identified additional resistant soybean lines that may contain 
novel genes or alleles which could provide control against emerging soybean aphid biotypes 
(Diaz-Montano et al., 2006; Hesler and Dashiell, 2008; Jun et al., 2012; Mian et al., 2008a). 
The objective of this research was to examine soybean aphid resistance in a collection of 
F2 families developed from soybean aphid resistant exotic PI lines in order to increase the 
understanding of the genetics of soybean aphid resistance.  In addition, 104 exotic soybean aphid 
resistant lines were haplotyped near Rag1 and Rag2 to gain information about the commonalities 
and differences in the genetic regions surrounding these genes. 
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MATERIALS AND METHODS 
Plant Materials 
Greenhouse screens performed by Dr. Glen Hartman’s lab (USDA-ARS, University of 
Illinois) identified 40 aphid resistant soybean lines that were used to develop the F2 families for 
resistance gene evaluation (Table 2.1).  The 40 PIs originate primarily from China and Japan, 
with one PI from the US, and range from MG V to MG X.  The PIs were initially evaluated 
through choice tests using soybean aphid biotypes 1 and 2, and through a non-choice test using 
aphid biotype 1.  The 40 PIs selected from this screening had resistant scores from the two 
choice tests and had very low to low aphid accumulation numbers in the non-choice test, with 
aphid counts not significantly different from resistant checks Dowling and PI 243540.  The 
average aphid count on Dowling and PI 243540 were 0.8 and 5.7 aphids per plant, respectively, 
in the non-choice tests.  Aphid counts on the PI lines ranged from 0 to 210 aphids per plant in the 
non-choice test, with an average of 18 aphids per plant.  In 2007, each aphid resistance source 
was used as a male parent and crossed to one to three soybean aphid susceptible lines.  The 
susceptible parents were high yielding experimental lines with good agronomic traits developed 
from the University of Illinois soybean breeding program.  The subsequent F1 plants from these 
crosses were selfed in the greenhouse in 2008 to produce a total of 52 F2 populations for study.  
To gain additional aphid resistance information about the aphid resistant exotic parents, the PIs 
were evaluated in May 2009 using a choice test with aphid biotype 3.  Sixty additional resistant 
PIs were identified through aphid biotype 1 choice tests (Hill et al., 2004) by Dr. Hartman’s lab, 
and these lines were included to generate haplotypes of the Rag1 and Rag2 regions. 
Greenhouse Evaluation 
 A total of 19 F2 populations were evaluated in the greenhouse between 2008 and 2011.  
The 19 populations selected for study were developed from the PIs that exhibited the highest 
level of soybean aphid resistance.  Fifteen of the populations were evaluated using soybean aphid 
biotype 1 and four populations were evaluated using soybean aphid biotype 3.  The populations 
that were evaluated using biotype 3 were selected because the PIs had resistant scores to this 
biotype.  The parental lines, 100 to 300 F2 plants from each population, and resistant and 
susceptible checks were planted in climate controlled rooms during the fall, winter, and spring.  
The day length was set at 13 hours and the temperature was controlled to 24°C during the 
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daytime and 18°C at night.  The resistant checks used were Dowling (Rag1) and PI 200538 
(Rag2), and the susceptible checks included the varieties Williams 82, Pana, Ina, and Loda. 
 Each population was planted in a completely randomized design.  Seeds were planted in 
plastic trays containing 48 cells arranged as 12 columns of four cells.  The entire column of four 
cells was planted with the same cultivar or with four F2 seeds.  Based on the number of F2 
progeny evaluated, the parents were planted in five to eight columns each, the resistant checks 
were in six to eight columns each, and susceptible lines comprised about 25-30% of the columns 
to create aphid refuges and maintain high aphid pressure.  In each cell designated for F2 seed, a 
single seed was planted, and in cells designated for the check lines or parents, two seeds were 
planted and each cell was thinned to one seedling. 
The soybean seedlings were infested with aphids at the VC to V1 growth stage (Fehr et 
al., 1971), about two weeks after planting, just after the unifoliolates expanded and as the first 
trifoliolates were expanding.  Aphid-infested leaves and stems of susceptible Williams 82 were 
placed on top of the growing lines to provide inoculum.  The plants were rated when the aphids 
appeared to be at stable dispersal locations, and the time of rating was monitored by the presence 
and quantity of aphids on the resistant and susceptible checks.  Aphid dispersal was considered 
stable when the resistant checks appeared to be largely aphid-free and the susceptible checks 
were heavily infested with aphids, usually occurring between the V3 and V5 growth stages, 
about three weeks after inoculation.  Each plant was rated on a 1 to 4 scale for aphid resistance 
(Hill et al., 2004).  A score of ‘1’ indicated very few aphids and no plant damage and a score of 
‘2’ indicated a moderate number of aphids colonizing the plant and no plant damage.  A score of 
‘3’ indicated moderately heavy aphid populations on the plant with some plant damage and a 
score of ‘4’ indicated heavy aphid colonization and severe plant damage.  A score of 1 or 2 was 
considered a resistant response and a score of 3 or 4 was considered a susceptible response, and 
phenotypic ratios of resistant:susceptible were used to predict the number of major genes 
involved in resistance.  If needed, the populations were rated a second time a week later to 
ensure no further aphid movement had occurred. 
Genotyping and Marker Associations 
 Tissue from each population was collected from young trifoliolates of all F2 plants, 
resistant PI parents, and susceptible parents. DNA was extracted from each plant or line using a 
modified CTAB extraction procedure based on the method described by Keim and Shoemaker 
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(1988).  The parents of the populations were screened first to identify polymorphic genetic 
markers in the Rag1 through rag4 regions, and one or two polymorphic markers in each region 
were selected to genotype each F2 population. The genetic markers used were single nucleotide 
polymorphisms (SNPs) or simple sequence repeats (SSRs).  Polymerase chain reactions (PCR) 
for the SSR markers were performed according to Cregan and Quigley (1997) and the SSR PCR 
products were analyzed using polyacrylamide gel electrophoresis (Wang, 2003).  SNP marker 
analysis was done with TaqMan assays conducted with a Roche LightCycler 480 System (Roche 
Diagnostics, Indianapolis, IN) as described by Kaczorowski et al. (2008).  To verify the accuracy 
of the single marker analyses, four populations developed from crosses with PI 437696, PI 
587972, PI 587663, and PI 588040 were genotyped with three to four additional markers 
surrounding the Rag region identified as significantly associated with resistance in each 
population.  These markers were used to build linkage maps with JoinMap 3.0 (Van Ooijen and 
Voorrips, 2001) and the resistance QTL were mapped using composite interval mapping (CIM) 
using PlabQTL (Utz and Melchinger, 2003). 
Ten of the populations, derived from PI 437696, PI 507298, PI 567391, PI 587663, PI 
587685, PI 587876, PI 587899, PI 587972, PI 594879, and PI 71506, also were genotyped by 
bulk segregant analysis (Michelmore et al., 1991) by Dr. David Hyten (USDA-ARS, Beltsville) 
using the Illumina GoldenGate assay (Hyten et al., 2009).  For each population, DNA from ten 
plants with resistant responses was bulked into two tubes of five plants each; the same was done 
with DNA from ten plants with susceptible responses.  The resistant and susceptible plants for 
the bulks were carefully selected by evaluating the distribution of aphid ratings in each flat in the 
populations and selecting plants that appeared to exhibit a strong resistant or susceptible 
response, considering the plant scores in the surrounding area.  The resistant and susceptible 
bulks were compared with the parents to determine probable genetic regions associated with 
soybean aphid resistance. 
For the Rag1 and Rag2 region haplotyping, trifoliolate tissue was collected from eight to 
ten plants from each PI and DNA was extracted using a modified CTAB extraction as described 
above.  The exotic resistant lines were genotyped using target amplification primers and melting 
curve assay (MCA) probes for SNPs developed by Ki-Seung Kim (Kim et al., 2010a; Kim et al., 
2010b).  SNP marker genotyping using MCA and TaqMan were performed as described by 
Kaczorowski et al. (2008).  Dowling and PI 200538 were used as the Rag1 and Rag2 references, 
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and the haplotypes of the aphid resistant PI lines were compared to these two varieties to identify 
patterns of similarities and differences at Rag1 and Rag2.  Jackson (Rag), PI 243540 (Rag2), PI 
567543C (Rag3), and PI 567541B (rag4) were also included as references.  The haplotype data 
gathered in the Rag1 region encompassed five SNP markers over a span of 672 kbp and the 
haplotype data for the Rag2 region included eight SNP markers over the span of 213 kbp. 
Statistical Analyses 
 The greenhouse phenotypic data were used to estimate a ratio of resistant:susceptible 
responses among the F2 plants to predict gene action and the number of genes involved in aphid 
resistance.  This ratio was tested with the Chi-squared analysis to assess the probability that the 
observed ratio fits the hypothesized ratio.  SAS v9.2 (SAS Institute, 2008) was used in the single 
marker analysis to test for significant associations between markers and aphid resistance scores.  
The GLM procedure was used to identify significant markers (p < 0.05) and estimate the 
proportion of phenotypic variation explained by the marker (R
2
).   
 
RESULTS 
 Based on the greenhouse phenotypic ratios observed, resistance appeared to be controlled 
by one dominant gene in 14 of the populations evaluated, by two dominant genes in the PI 
437696 population, and by one recessive gene in the PI 587876 population (Table 2.2).  There 
were no clear traditional Mendelian segregation ratios observed in three populations that were 
developed from PI 71506, PI 588000, and PI 594592.  The region near Rag1 was associated with 
resistance in two populations, developed from PI 437696 and PI 71506, which were evaluated 
with the biotype 1 aphid and in three of the populations, developed from PI 587685, PI 594592, 
and PI 587677, which were evaluated using the biotype 3 aphid.  The region near Rag2 was 
significantly associated with resistance in 14 of the 15 populations evaluated with biotype 1.  
Rag3 was significantly associated with resistance in one population, developed from PI 71506, in 
the single marker analysis.  The phenotypic variance explained by the most significant marker 
(R
2
) ranged from 0.08 to 0.67 in the F2 populations, with an average of 0.39.  Only one 
population, developed from PI 587876, did not have resistance significantly associated with the 
known resistance genes Rag1 to rag4 in the single-gene marker analysis, and this population was 
evaluated using soybean aphid biotype 3. 
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 One population, developed from a cross between PI 567391 and LD00-3309, exhibited a 
Mendelian segregation ratio of one resistant to three susceptible F2 plants in the greenhouse, 
indicating that resistance may be controlled by a recessive gene in this PI (1:3 χ2 ratio, p = 0.37).  
Genotyping results found the region near Rag2 to be significantly associated with resistance (p < 
0.001; R
2
 = 0.40).  Because this resistance gene appeared to have recessive action in a region 
where the known gene is dominant, PI 567391 appeared to be a likely candidate for possessing a 
new recessive allele or resistance gene at the Rag2 locus.  To confirm the original greenhouse 
and genotyping findings, a population developed from PI 567391 and LD02-4485 was evaluated.  
During the second PI 567391 greenhouse screening, the F2 plants exhibited a segregation ratio of 
three resistant to one susceptible response (3:1 χ2 ratio, p = 0.19), indicating that resistance was 
controlled by a single dominant gene.  Genotyping the second population of PI 567391 F2 plants 
indicated the region associated with resistance was near Rag2 (p < 0.001; R
2
 = 0.66).   
The distribution of F2 aphid ratings and genotypes near Rag2 for both of the PI 567391 
populations is presented in Figure 2.1.  A broad distribution of genotypes at Rag2 was observed 
for the first population, developed using LD00-3309.  In this population, plants with the PI 
567391 genotype and the heterozygous genotype received ratings from 1 through 4, indicating a 
mix of resistant and susceptible responses, and lines with the LD00-3309 genotype were mainly 
scored as susceptible, with mostly ratings of 3 and 4.  In the second PI 567391 F2 population, 
developed using LD02-4485 as the susceptible parent, the distribution of plants with the PI 
567391 genotype was much sharper and these plants were all called resistant, with ratings of 1 or 
2.  In this second population, the heterozygotes tended to be scored as resistant, while lines with 
the LD02-4485 genotype were almost always scored as susceptible. 
 In the four populations genotyped with additional markers for CIM, the single marker 
analysis was confirmed by genetic mapping.  The region around Rag2 was significantly 
associated with resistance in all four populations in the single-marker analyses, and CIM yielded 
LOD scores ranging from 5.1 to 13.6 for resistance QTL located in the region where Rag2 was 
mapped.  The GoldenGate bulk segregant analyses performed by Dr. Hyten also confirmed the 
single marker and CIM analyses, and identified single major genes in all ten of the populations 
evaluated.  The region near Rag2 was significantly associated with resistance in eight of the 
populations, and the regions near Rag1 and Rag3 were each significantly associated with 
resistance in one population each.  In two of the populations, developed using PI 437696 and PI 
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71506, single marker analysis identified a second gene in addition to the gene identified by the 
GoldenGate assay.  In these cases, the second gene detected by single marker analysis was 
identified at a slightly higher p-value than the first gene identified by both the single marker 
analysis and the GoldenGate assay.   
The results of the GoldenGate bulk segregant analysis did not match the single marker 
analysis for two populations (PI 587685 and PI 587876) that were evaluated using aphid biotype 
3.  For PI 587685, Rag1 was significantly identified in the single marker analysis but Rag2 was 
identified in the bulk segregant analysis.  Single marker analysis was unable to identify a 
significant marker for the F2 population developed from PI 587876 but the GoldenGate bulk 
segregant analysis identified the Rag3 region.  In single marker analysis, Satt414, the 
polymorphic marker in the Rag3 region, had no significant association with resistance (p = 0.51). 
 Dowling and Jackson exhibited the same alleles across all five SNP markers over a 672 
kbp interval where Rag1 is located (Table 2.3). Within this region, Rag1 was previously mapped 
to an interval between markers 46169.7 and 21A; marker 21A is 53 kbp away from marker 56B, 
a marker that was included in this haplotype study.  The Dowling Rag1 alleles were not 
commonly found among the soybean aphid resistant PI lines in this region, and only three of the 
PI lines possessed the Dowling haplotype for Rag1 across 46167.7, 65906.2, and 56B the three 
SNP markers within the region that Rag1 was fine mapped.  The Rag2 sources PI 200538 and PI 
243540 shared seven of the eight markers evaluated across the interval haplotyped for Rag2 
(Table 2.4).  The putative location for Rag2 was fine mapped to the center of the haplotyped 
region, and is located between markers KS5 and KS9.3 (Kim et al., 2010b).  In this region, nine 
PI lines had all four PI 200538 markers, and 69 PIs had three out of the four markers.  A third 
allele with a melting temperature different from the previously identified resistant and 
susceptible alleles was identified in six of the PIs using the MCA probe KS7. 
 
DISCUSSION AND CONCLUSIONS 
 The results from the greenhouse screening and genotyping indicate that single or two 
gene soybean aphid resistance is common in aphid resistant PIs, as other researchers have found 
(Mian et al., 2008a) and that the region near Rag2 is frequently associated with resistance.  This 
is consistent with previous studies which showed that other sources of soybean aphid resistance 
are also controlled by one or two genes (Hill et al., 2006a; Hill et al., 2006b; Hill et al., 2009; 
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Kang et al., 2008; Mensah et al., 2008).  Rag2 is located in a region that contains QTL associated 
with resistance to biotic stresses including Pseudomonas syringae (Rpg1), Phytophthora sojae 
(Rps3), soybean mosaic virus (Rsv1),  root-knot nematode (Meloidogyne incognita), and corn ear 
worm  (Mian et al., 2008b).  The Rag2 locus in PI 200538 has been fine mapped to a 54-kb 
interval on the Williams 82 assembly which contains one possible NBS-LRR candidate gene, 
Glyma13g26000 (Kim et al., 2010a).  The region Rag1 maps to contains QTL for resistance to 
corn ear worm [Helicoverpa zea (Boddie)] and soybean cyst nematode (Heterodera glycines 
Ichinohe) (Li et al., 2007), indicating these regions could contain complexes of pest-resistance 
genes or that there may be single genes that act in the resistance pathway against a cultivar of 
pests.  The candidate genes for both Rag1 and Rag2 were identified from the genome sequence 
of the soybean aphid susceptible cultivar Williams 82, meaning Rag1 and Rag2 need to be 
cloned from resistant genotypes to be definitively identified. 
 For 14 of the populations evaluated, the phenotypic variation explained by each marker 
was moderate to high (0.3 to 0.68).  These R
2
 values are reasonable, considering that the analyses 
were based on single F2 plants which have more phenotypic variability compared to larger plots 
or homozygous plants.  The high R
2
 values suggest that the significant marker identified is 
associated with a major QTL for soybean aphid resistance.  The phenotypic variation explained 
by the significant marker was low (R
2
 < 0.3) for four of the populations.  The low R
2
 values may 
have occurred because the Rag region identified as significant was not the major resistance gene 
but was a minor gene that accounted for a small portion of the resistance.  In this case, at least 
one additional major resistance gene may exist within these populations.  A second explanation 
for observing a low R
2
 is due to difficulties in obtaining accurate resistant response phenotypes 
or evaluating a small population size (< 200 plants). 
Phenotyping for aphid resistance in the greenhouse requires a sufficient percentage of 
susceptible checks to act as an aphid refuge and inoculum source.  However, aphid pressure that 
is too high or too low may create inaccurate phenotypes that would prevent an accurate 
identification of resistance genes.  Aphid pressure can vary based on the percentage of 
susceptible plants in a population, the amount of aphid inoculum applied, timing of inoculation, 
and greenhouse environment.  In general, early aphid application and mild weather favors aphid 
growth while late aphid application and hot weather hinders aphid growth, which could happen 
when hot weather overwhelms the greenhouse cooling system.  In three of the populations with a 
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low R
2
 value, the average score of the resistant PI parent was high, indicating that aphid pressure 
may have been too high, which may have made it difficult to distinguish plants with a resistant 
response from plants with a susceptible response.   
A recessive gene was tentatively identified in the region of Rag2 in the F2 population 
derived from PI 567391.  However, aphid pressure was very high during the first evaluation of 
this population, so a second population developed from PI 567391 was evaluated to confirm the 
results.   In the first evaluation, the average score of the aphid resistant parent PI 567391 was 
1.73, indicating a moderate number of aphids were colonizing the PI (Table 2.2).  This was 
unexpected because the all of the evaluated PIs were selected to be highly resistant to soybean 
aphid.  In the second evaluation, the average score of PI 567391 was 1.06, demonstrating that the 
aphid pressure was greatly reduced.  In addition, the average resistance score of the F2 plants was 
2.95 in the first evaluation and 1.61 in the second evaluation, showing a drastic difference in F2 
response.  The widespread response of plants with the PI 567391 genotype at Rag2 in the first 
population (Figure 2.1a) suggests that there was no clear distinction between a resistant and 
susceptible response, while the well-defined separation in the second population of plants 
(Figure 2.1b) with the PI 567391 genotype from plants with the susceptible parent genotype 
shows a distinction between the resistant and susceptible response.  From the first evaluation, a 
single recessive gene was predicted, while a single dominant gene was predicted from the second 
evaluation.  This reversal in gene action prediction can be attributed to the mistaken 
classification of resistant progeny as susceptible due to heavy aphid pressure that may have 
occurred during the first evaluation.  Based on the well-defined results from the second 
evaluation, we concluded that aphid resistance in PI 567391 was conferred by a single dominant 
gene in the Rag2 region and that this gene was most likely overwhelmed in the first population. 
Four populations were evaluated with soybean aphid biotype 3, with the goal of 
identifying resistance that was not in the region of Rag2.  These four populations were selected 
after six populations had been evaluated using biotype 1 and had continually identified the region 
of Rag2 as significant.  The goal of switching to soybean aphid biotype 3 was to increase our 
ability to identify resistant genes that were unique from Rag2, the resistance gene that biotype 3 
can overcome, possibly aiding in the identification of new alleles or genes.  Markers in the 
region of Rag1 were significantly associated with resistance in three of the populations evaluated 
with biotype 3; however in one of these populations, derived from PI 587685, the region of Rag2 
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was significantly identified in the GoldenGate assay while it was not identified by single marker 
analysis (Table 2.2).  
Based on personal observation, soybean aphid biotype 3 appeared to be less vigorous and 
slower-growing than biotype 1, meaning the rating of plants for resistance was delayed by one to 
three weeks in order for the biotype 3 aphid to buildup and colonize the susceptible checks.  The 
delay in aphid rating may have caused the phenotyping to be less accurate due to the rating of 
older plants and a longer exposure to aphid feeding injury.  In general, the four populations that 
were evaluated with aphid biotype 3 exhibited greater aphid injury, with an average F2 score of 
2.2 across the populations.  In comparison, the average F2 score tended to be below 2 in the 
populations evaluated with biotype 1.  The aphid pressure may have been too great in the biotype 
3 populations for the resistance gene to combat efficiently.  In addition, rating older plants may 
be less accurate than rating younger plants because older plants are larger, making it more 
difficult to look over the entire plant and assess aphid injury and colonization levels.  The older 
plants are also hindered by growing in small soil cells, which could limit plant growth and vigor 
as the plant gets older, interfering with aphid ratings. 
These results provide an interesting comparison to the results obtained through the 
biotype 1 evaluations, where the region around Rag2 was primarily identified as associated with 
resistance.  By using biotype 3, any resistance provided by Rag2, which appears to be the major 
resistance gene locus in soybean aphid resistance, is overcome and secondary or additional 
resistance genes act to provide resistance.  In the four populations that were evaluated with 
biotype 3, Rag1 was significantly associated with resistance in three populations using single 
marker analysis.  Two of the populations were analyzed in the Illumina GoldenGate assay, and 
Rag1 was not identified in either population.  For the PI 587685 and PI 587876 populations, the 
GoldenGate bulk segregant analysis identified different Rag regions than the single-marker 
analysis.  In the population developed from PI 587685, the GoldenGate assay identified Rag2, a 
gene that could not have been identified from the greenhouse and single marker genotyping.  
These results suggest that Rag2 may be a major resistance gene in this PI, but a gene at or near 
Rag1 is compensating to provide resistance.  It is possible that the secondary genes act to support 
or broaden aphid resistance in the PI, and primary genes (which appear to be frequently located 
in the region of Rag2) act as the main resistance source.  For the PI 587876 population, single-
marker analysis was unable to identify a significant Rag region, while the GoldenGate assay 
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identified Rag3.  Examining these populations under aphid biotype 1 pressure could offer 
additional information about the underlying resistance genetics.  The bulk segregant analysis had 
the benefit of genotyping only plants that had very resistant or very susceptible phenotypes, but 
was not based off the entire population, which may result in skewed conclusions. 
In general, single marker analysis results were confirmed by both the CIM results and the 
bulk segregant analysis results performed using the GoldenGate system.  These confirmations 
were expected, because aphid resistance in plants tends to be controlled by one or a few genes 
(Mian et al., 2008a), meaning the major genes should be readily indentified.  However, progeny 
plants containing the predicated resistance region did not always possess as complete resistance 
as the parental PI lines, indicating that additional minor or modifying resistance genes may exist 
within many of the PI lines.  These undetected genes are most likely not major genes, which 
would have been detected by the broad genetic analyses performed in this experiment, but may 
add to the resistance and provide a fuller or more effective response. 
The results from the haplotyping experiment indicate that a Dowling haplotype in the 
region around Rag1 was not a common haplotype among the PIs, but the PI 200538 haplotype 
around the region of Rag2 was common among the PIs genotyped.  These findings are in 
agreement with the results from the greenhouse marker and mapping experiments.  Rag1 was 
rarely identified, while Rag2 was frequently identified as a significant region that was associated 
with aphid resistance.  The haplotype results were not as informative as desired; none of the 
three PIs identified as possessing resistance in the region of Rag1 had a haplotype pattern similar 
to Dowling, and all of the PIs identified as possessing resistance in the region of Rag2 had PI 
200538-type alleles near the region where Rag2 is believed to be located.  Even Dowling, the 
Rag1 source, had three PI 200538-type alleles in the Rag2 region, indicating that the haplotyping 
results were not revealing useful information. 
The SNP haplotyping had some limitations.  The first is that only a handful of markers 
were used to haplotype both regions.  The exact locations of Rag1 and Rag2 are not known, so 
the selected markers may not have covered the DNA sequences that actually confer resistance.  
Also, only two alleles can be tested per SNP marker, one that was derived from a susceptible line 
and one from the known Rag gene source.  This means that alleles could exist at Rag1 or Rag2 
that provide resistance but differ from the known Rag sequence.  Once the sequences of Rag1 
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and Rag2 are known, these sequences can be used to identify resistant lines with these same 
genes and, more importantly, resistant lines that have novel genes or alleles.  
In addition, the Rag1 region that was haplotyped was over three times larger than the 
haplotyped Rag2 region, however, fewer markers were used to haplotype the Rag1 region.  The 
goal of the haplotype experiment was to capture a snapshot of the Rag1 and Rag2 regions, but 
the very wide interval haplotyped for Rag1 suggests that much of the information gathered may 
not be applicable in inferring information directly about Rag1.  The markers used for the Rag1 
and Rag2 haplotypes are unlikely to be within the resistance genes themselves and may not even 
be very close to the genes.  If the markers are not in an area that is associated with aphid 
resistance, the results gathered from the haplotypes would be uninformative.  The low marker 
density used to haplotype Rag1 means that is less probable to contain useful information 
regarding aphid resistance.  While it is more likely that the higher marker density used to 
haplotype Rag2 would result in a more accurate comparison of this region, if the markers are not 
in informative locations, a high marker density still does not guarantee to provide useful 
information.  The best solution would be to identify and sequence Rag1 and Rag2 which would 
allow sequence comparisons of the actual resistance gene locations. 
The overall results from this experiment show that the region around Rag2 is frequently 
associated with soybean aphid resistance.  In addition, the PI 200538 Rag2 haplotype was 
commonly found among aphid resistance exotic PIs, supporting the finding that this region may 
often be involved in the resistance response.  This experiment confirms the expectation that 
soybean aphid resistance is typically controlled by one or two major genes.  For breeders, the 
simple inheritance of soybean aphid resistance implies that incorporating new resistance genes 
into existing cultivars should be straightforward and easily accomplished.  It also seems likely 
that additional minor or modifying genes are present in the resistant PI parents, and that these 
genes could be used to strengthen or broaden the resistance provided by a major gene.  
Even though the region around Rag2 was frequently associated with resistance, it is not 
known if all of the PIs evaluated have the same known Rag2 gene or possess different alleles that 
could be effective against emerging soybean aphid biotypes.  Additional work will need to be 
done to discern if any of the PIs have novel alleles.  One possible route to accomplish this is 
through high density genotyping in the Rag2 region.  Over the last few years, genotyping has 
become more efficient and less expensive, making this technique a viable option for allele 
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discovery.  A more complete haplotype map would provide additional information about the 
sequence similarities or differences among lines that have resistance in the Rag2 region.  
Breeders should focus on identifying new Rag genes and alleles to continue to protect soybeans 
from the significant damage possible from the soybean aphid. 
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Table 2.1.  List of plant introductions (PIs) selected to use as resistance sources in genetic 
studies.  The PIs were selected based on resistant scores from choice and non-choice greenhouse 
evaluations using biotypes 1 and 2.  Additional data from the biotype 3 choice and non-choice 
tests was collected in 2009.  The choice tests were scored on a scale of 1 to 4, where 1 indicates 
few aphids and no plant damage and 4 indicates heavy aphid colonization and significant plant 
damage.  Non-choice counts are listed as the average number of aphids colonizing the accession. 
   Choice Test Rating (1-4) Non-choice Counts 
Accession Origin MG Biotype 1 Biotype 2 Biotype 3 Biotype 1 Biotype 3  
PI 71506 China IV - - 3.1 - - 
PI 88508 China II - - 3.8 - - 
PI 437696 China V 1 1 2.4 0 16.2 
PI 499955 China VII 1 1 3.2 67 - 
PI 507298 Japan VI 1 1 2.8 3 - 
PI 518726 China VI 2 1 3.1 102 - 
PI 548237  USA VII - - 3.0 - - 
PI 567391 China VI 1 2 3.0 27 - 
PI 587552 China VII 1 1 3.1 0 - 
PI 587617 China VII 1 1 3.0 12 - 
PI 587656 China VII 1 1 2.9 11 - 
PI 587663 China VII 1 1 2.4 0 63.3 
PI 587666 China VI 1 1 2.8 27 - 
PI 587669 China VI 1 1 3.0 33 - 
PI 587677 China VII 1 1 1.7 4 124.2 
PI 587685 China VII 1 1 2.1 54 60 
PI 587702 China VI 2 2 2.1 211 267.8 
PI 587732 China VI 2 1 2.8 59 - 
PI 587775 China VII 1 1 2.3 9 345 
PI 587800 China VI 1 1 3.0 38 - 
PI 587824 China VI 1 1 2.8 4 - 
PI 587870 China VII 2 1 2.9 9 - 
PI 587871 China VII 1 1 2.4 10 463.7 
PI 587876 China VII 1 1 2.0 2 574.1 
PI 587899 China VII 1 1 2.4 0 - 
PI 587905 China VII 1 1 2.5 29 - 
PI 587922 China  IX - - 3.0 - - 
PI 587972 China VI 1 1 2.3 0 29.5 
PI 588000 China X 1 1 2.0 4 - 
PI 588040 China VII 1 1 2.4 19 - 
PI 594425 China VI 1 1 3.0 0 - 
PI 594431 China V 1 1 2.5 0 - 
PI 594499 China VIII 1 1 2.7 2 - 
PI 594503 China VIII 2 1 2.8 1 - 
PI 594514 China IX 1 1 3.3 12 - 
PI 594573 China VI 1 1 3.1 0 - 
PI 594592 China VI 1 1 1.8 1 118.1 
PI 594707 China VII 1 1 2.5 0 - 
PI 594822 China IX 1 1 2.7 1 - 
PI 594868 China VIII 1 1 3.3 15 - 
PI 594879 China VII 1 1 3.2 20 - 
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Table 2.2. Greenhouse and marker associations for each PI resistance source.  The top table lists the populations evaluated using aphid 
biotype 1 and the bottom table lists populations evaluated using aphid biotype 3.  Phenotypic data includes the mean aphid rating, 
rated on a scale of 1 to 4, where 1 indicates few aphids and no plant damage and 4 indicates heavy aphid colonization and significant 
plant damage, for the PI parent and susceptible parent (S), the average F2 aphid rating, the observed ratio of resistant: susceptible (R:S) 
F2 lines, the expected Mendelian ratio, and χ2 test result.  The significant Rag region, associated p-value from single marker analysis, 
the total phenotypic variation explained by the marker (R
2
), and the significant Rag region identified by the Golden Gate (GG) assay 
are shown for each PI-derived population. 
 
Biotype 1 testing 
Resistance 
Source 
PI parent 
avg score 
S parent 
avg score F2 Mean Obs R:S Exp R:S 
χ2 test 
p-value 
Significant 
Rag region 
 Rag p-
value 
Total 
R
2
 
GG Rag 
region 
PI 437696 1.06 3.29 1.18 265:11 15:1 0.12 Rag1 0.0017 0.33 Rag2 
        Rag2 <0.0001    
PI 587972 1.23 4.00 1.62 120:34 3:1 0.40 Rag2 <0.0001 0.31 Rag2 
PI 594879 1.44 3.81 2.23 75:32 3:1 0.24 Rag2 <0.0001 0.33 Rag2 
PI 567391(1) 1.73 3.94 2.95 42:107 1:3 0.37 Rag2 <0.0001 0.4 Rag2 
PI 567391(2) 1.06 2.89 1.61 114:29 3:1 0.19 Rag2 <0.0001 0.66   
PI 71506 1.63 2.97 2.43 130:136 9:7 0.02 Rag1 0.004 0.11 Rag1 
              Rag3 0.0131     
PI 587663 1.41 3.50 1.83 200:77 3:1 0.28 Rag2 <0.0001 0.08 Rag2 
PI 507298 1.26 3.30 1.80 97:29 3:1 0.61 Rag2 <0.0001 0.41 Rag2 
PI 587899 1.10 2.93 1.62 111:29 3:1 0.24 Rag2 <0.0001 0.44 Rag2 
PI 588000 1.10 2.94 1.65 125:25 3:1 0.02 Rag2 <0.0001 0.39 -- 
PI 594573 1.06 3.00 1.91 93:43 3:1 0.07 Rag2 <0.0001 0.68 -- 
PI 594822 1.00 3.00 1.95 108:37 3:1 0.89 Rag2 <0.0001 0.54 -- 
PI 588040 1.36 3.20 1.98 90:40 3:1 0.13 Rag2 <0.0001 0.28 -- 
PI 594499 1.29 3.13 1.95 89:38 3:1 0.20 Rag2 <0.0001 0.67 -- 
PI 587871 1.15 3.64 1.88 93:34 3:1 0.64 Rag2 <0.0001 0.52 -- 
PI 594431 1.00 3.60 1.93 93:31 3:1 1.00 Rag2 <0.0001 0.55 -- 
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Table 2.2. (cont.) 
 
Biotype 3 testing 
Resistance 
Source 
PI parent 
avg score 
S parent 
avg score F2 Mean Obs R:S Exp R:S 
χ2 test 
p-value 
Significant 
Rag region 
 Rag p-
value 
Total 
R
2
 
GG Rag 
region 
PI 587685 1.05 3.74 2.00 93:26 3:1 0.43 Rag1 0.0059 0.08 Rag2 
PI 587876 1.67 3.29 2.65 33:91 1:3 0.68 -- -- -- Rag3 
PI 594592 1.00 3.85 2.10 171:108 3:1 0.00 Rag1 <0.0001 0.35 -- 
PI 587677 1.24 4.00 2.12 137:37 3:1 0.26 Rag1 <0.0001 0.35 -- 
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Table 2.3. Haplotype results for the region near Rag1 from soybean germplasm accessions that 
exhibit resistance to soybean aphid biotypes 1 and 3.  The physical positions of the markers 
(kbp) are listed below the marker name.  The lines with known resistance genes are listed at the 
top with the resistance gene Rag1, Rag2, Rag3 or rag4 indicated. A marker score of ‘R’ indicates 
a resistance allele result compared to Dowling and ‘S’ indicates a genotype lacking that allele 
result, ‘H’ indicates a heterozygous response, and ‘NA’ indicates no marker result was observed.  
The significant Rag region(s) identified by single marker analysis or GoldenGate bulk segregant 
analysis from this experiment is also listed; a “*” after the Rag region indicates the population 
was evaluated using soybean aphid biotype 3. 
 
 Rag1 markers  
 28455 46169.7 65906.2 56B 22289  
Line 5,899 5,608 5,578 5,546 5,227 Sig. Rag 
Dowling R R R R R Rag1 
Jackson R R R R R Rag1 
PI 200538 S S S S S Rag2 
PI 243540 R S R S S Rag2 
PI 567543C S S S S S Rag3 
PI 567541B R S S S S rag4 
PI 71506 S S Het S S Rag1, 3 
PI 88508 S S Het S S  
PI 437696 R S S S S Rag1, 2 
PI 499955 S S S S R  
PI 507298 R S Het S S Rag2 
PI 518726 S S S R S  
PI 548237 NA S S S S  
PI 567391 S S S R S Rag2 
PI 587552 R S S S Het  
PI 587617 R S S S S  
PI 587656 R S S S S  
PI 587663 R S S S S Rag2 
PI 587666 S S S R S  
PI 587669 R S S S S  
PI 587677 R S S S S Rag1* 
PI 587685 R S S S S Rag1, 2* 
PI 587702 S S S S S  
PI 587732 R S S S S  
PI 587775 R S S S S  
PI 587800 S S S R S  
PI 587824 S S S S S  
PI 587870 R S S S S  
PI 587871 R S S S S Rag2 
PI 587876 R S S S S Rag3* 
PI 587899 S S S R S Rag2 
PI 587905 S S S S S  
PI 587972 R S S S S Rag2 
PI 588000 R S S S S Rag2 
PI 588040 R S S S S Rag2 
PI 594425 S S S R S  
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Table 2.3. (cont.) 
                                Rag1 markers  
 28455 46169.7 65906.2 56B 22289  
Line 5.899 5.608 5.578 5.546 5.227 Sig. Rag 
PI 594431 R S Het S S Rag2 
PI 594499 R S S S R Rag2 
PI 594503 R S S S S  
PI 594514 R S Het S R  
PI 594573 S S S R S Rag2 
PI 594592 R S S S S Rag1* 
PI 594707 R S S S S  
PI 594822 R S S S S Rag2 
PI 594868 R S Het R R  
PI 594879 R S S S S Rag2 
PI 087059 R S S S S  
PI 230977 S S Het S S  
PI 417084A S S S S S  
PI 508294 R S Het S S  
PI 548409 R S S S S  
PI 548445 S S S R S  
PI 548480 R R R R R  
PI 587553A R S S S S  
PI 587559B R S S S S  
PI 587664B R S S S S  
PI 587666 S S S R S  
PI 587668A R S S S S  
PI 587674A R S S S S  
PI 587682A R S S S S  
PI 587684A S S S R S  
PI 587686A R S S S S  
PI 587687A S S S S S  
PI 587693 S S S R S  
PI 587700A R S S S S  
PI 587717 R S Het R R  
PI 587723A R S S S S  
PI 587759 S S S R S  
PI 587763 R S S S S  
PI 587816 R S S S S  
PI 587840 S S S R S  
PI 587844C S S S R S  
PI 587861 Het S S S Het  
PI 587863B S S Het S S  
PI 587873 S S S S S  
PI 587877A R S S S S  
PI 587891A R S S S S  
PI 587897 S S S R S  
PI 594421 R R R R R  
PI 594426A R S S S S  
PI 594426B R S S S S  
PI 594427A S S S S S  
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Table 2.3. (cont.) 
                             Rag1 markers  
 28455 46169.7 65906.2 56B 22289  
Line 5.899 5.608 5.578 5.546 5.227 Sig. Rag 
PI 594554 S S S R R  
PI 594557B R S S S S  
PI 594560B S S S R S  
PI 594586A S S S S R  
PI 594595 R S Het Het R  
PI 594666B R S S S R  
PI 594703 R S Het R R  
PI 594711B R S Het R R  
PI 594751A R S S S S  
PI 594864 S S S R S  
PI 603521 R S S S S  
PI 603530A S S S S S  
PI 603538A S Het NA R R  
PI 603640 R S S S S  
PI 603644 R S S S S  
PI 603650 R S S S S  
PI 605771 R R R R S  
PI 605823 R S Het Het R  
PI 605855 R S Het Het R  
PI 605902 R S Het Het R  
PI 567598B S S R R S  
PI 567597C S S S R S  
LD03-10504 (S) S S S S S  
LD03-6566 (S) S S R R S  
LD02-5025 (S) S S S S S  
LD02-4485 (S) S S R R S  
LD00-3309 (S) S S S S S  
LD02-5320 (S) S S S R S  
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Table 2.4. Haplotype results for the region near Rag2 from soybean germplasm accessions that 
exhibit resistance to soybean aphid biotypes 1 and 3.  The physical positions of the markers 
(kbp) are listed below the marker name.  The lines with known resistance genes are listed at the 
top with the resistance gene Rag1, Rag2, Rag3 or rag4 indicated.  A marker score of ‘R’ 
indicates a resistance allele result compared PI 200538, ‘S’ indicates a genotype lacking that 
allele result, ‘H’ indicates a heterozygous response, ‘Other’ indicates a melting curve marker 
result that produced a melting temperature different from the resistant or susceptible response, 
and ‘NA’ indicates no marker result was observed. The significant Rag region(s) identified by 
single marker analysis or GoldenGate bulk segregant analysis from this experiment is also listed; 
a “*” after the Rag region indicates the population was evaluated using soybean aphid biotype 3. 
 
 Rag2 markers  
 #20 KS4  KS5 KS7 KS8 KS9.3 KS12 1485  
Line 29,310 29,273 29,266 29,247 29,223 29,212 29,141 29,097 Sig. Rag 
Dowling  R S S R R R S S Rag1 
Jackson  R S R R S R S S Rag1 
PI 200538 R R R R R R R R Rag2 
PI 243540  R S R R R R R R Rag2 
PI 567543C R S R R R R S S Rag3 
PI 567541B R S S S S S R S rag4 
PI 71506 R S R R R R S S Rag1, 3 
PI 88508 R R R R S R S S  
PI 437696 R S S R NA NA S R Rag1, 2 
PI 499955 R S S R R NA S R  
PI 507298 R R R R R R R S Rag2 
PI 518726 R S S R R NA S R  
PI548237 R S S R R R S R  
PI 567391 R S S R R NA S R Rag2 
PI 587552 R S S R R R S R  
PI 587617 R S S R R R S R  
PI 587656 R S R R R R S R  
PI 587663 R S S R R NA S R Rag2 
PI 587666 R S S R R R S R  
PI 587669 R S S R R R S R  
PI 587677 R S S R R R S R Rag1* 
PI 587685 R S S R R R S R Rag1, 2* 
PI 587702 R S S R R R S R  
PI 587732 R S S R R NA S R  
PI 587775 R S S R R R S R  
PI 587800 R S S R R NA S R  
PI 587824 R S S R R R S R  
PI 587870 R S S R R R S R  
PI 587871 R S S R R R S R Rag2 
PI 587876 R S S R R R S R Rag3* 
PI 587899 R S S R R NA S R Rag2 
PI 587905 R S S R R R S R  
PI 587972 R S S R R R S R Rag2 
PI 588000 R S S R R R S R Rag2 
PI 588040 R S S R R R S R Rag2 
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Table 2.4. (cont.) 
                     Rag2 markers  
 #20 KS4  KS5 KS7 KS8 KS9.3 KS12 1485  
Line 29,310 29,273 29,266 29,247 29,223 29,212 29,141 29,097 Sig. Rag 
PI 594425 R S S R R R S R  
PI 594431 R S S R R R S R Rag2 
PI 594499 R S S R R R S R Rag2 
PI 594503 R S S R R R S R  
PI 594514 R S S R R R S R  
PI 594573 R S S R R NA S R Rag2 
PI 594592 R S S R R R S R Rag1* 
PI 594707 R S S R R NA S R  
PI 594822 R S S R R NA S R Rag2 
PI 594868 R S S R R NA S R  
PI 594879 R S S R R R S R Rag2 
PI 087059 R S S R S S S S  
PI 230977 R R R R R R R R  
PI 417084A R R R R R R R R  
PI 508294 R S R R S R R R  
PI 548409 R R R NA R R NA R  
PI 548445 R S S R R R NA R  
PI 548480 R S NA R S R S S  
PI 587553A R S S R R R S R  
PI 587559B R S S R R R S R  
PI 587664B R S R R R R S R  
PI 587666 R S S NA R R S R  
PI 587668A R S S R R R S R  
PI 587674A R S S R R R S R  
PI 587682A R S S R R R S R  
PI 587684A R S R R R R S R  
PI 587686A R S S R R R S R  
PI 587687A R S S R R R S R  
PI 587693 R S S R R R S R  
PI 587700A R S S R R R S R  
PI 587717 R S S R R R S R  
PI 587723A R S S R R R S R  
PI 587759 R S S R R R S R  
PI 587763 R S NA R R R S R  
PI 587816 R S S R R R S R  
PI 587840 R S S R R R S R  
PI 587844C R S S R R R S R  
PI 587861 R S S R R R S R  
PI 587863B R S S R R R S R  
PI 587873 R S R R S R S S  
PI 587877A R S S R R R S R  
PI 587891A R S S R R R S Het  
PI 587897 R S S NA R R NA R  
PI 594421 R S R Other R R S S  
PI 594426A R S S R R R S R  
PI 594426B R S S R R R S R  
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Table 2.4. (cont.) 
                     Rag2 markers  
 #20 KS4  KS5 KS7 KS8 KS9.3 KS12 1485  
Line 29,310 29,273 29,266 29,247 29,223 29,212 29,141 29,097 Sig. Rag 
PI 594427A R S S R R R S Het  
PI 594554 R S S R R R S R  
PI 594557B R S S R R R S R  
PI 594560B R S NA R R R S R  
PI 594586A R S S R R R S R  
PI 594595 R S R Other R R S S  
PI 594666B R S S R R R NA R  
PI 594703 R S S R R R S R  
PI 594711B R S S R R R S R  
PI 594751A R S S R R R S R  
PI 594864 R S S R R R NA R  
PI 603521 R S S R R R NA R  
PI 603530A R S S R R R S R  
PI 603538A NA S R R R R S R  
PI 603640 R S S R R NA S R  
PI 603644 R S S R R R S R  
PI 603650 R S S R R R S R  
PI 605771 R S S R R R R S  
PI 605823 R S R Other R R S S  
PI 605855 R S R Other R R S Het  
PI 605902 R S R Other R S S S  
PI 567598B R S S Other S R R S  
PI 567597C R S R R R R S R  
LD03-10504 
(S) S S S S S S S S  
LD03-6566 (S) S S S S S S S S  
LD02-5025 (S) S S S S S S S S  
LD02-4485 (S) S S S S S S S S  
LD00-3309 (S) S S S S S S S S  
LD02-5320 (S) S S S S S S S S  
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Figure 2.1. Distribution of aphid ratings (1 to 4, where 1 was given to highly resistant plants and 
4 was given to highly  susceptible plants) for F2 lines developed from a cross between aphid 
resistant PI 567391 and aphid susceptible (a) LD00-3309 and (b) LD02-4485.  Solid black 
coloration indicates the F2 plant had a susceptible parent genotype, gray coloration indicates a 
heterozygous genotype, and hatching indicates the F2 had the PI 567391 genotype near the Rag2 
locus. 
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CHAPTER THREE 
Genetic Progress in Soybean Yield 
INTRODUCTION 
North American soybean [Glycine max (L.) Merr.] breeding efforts began during the 
beginning of the 20
th
 century and have contributed to dramatic improvements in soybean yield.  
In 1924, national soybean yields averaged just 690 kg ha
-1
, but by 2010 the average yield had 
almost quadrupled to 2753 kg ha
-1
, with an average annual yield increase of 21.3 kg ha
-1
 (USDA-
NASS).  These soybean yield gains may have occurred due to improvements in crop genetics, 
climate changes, and by optimizing the production environment (Egli, 2008b; Specht et al., 
1999; Ustun et al., 2001).  In the case of production practices, improved planting and harvest 
equipment, earlier planting, narrow rows, use of improved pesticides, and conservation tillage 
have all contributed to increased yields (Egli, 2008b; Kumudini, 2002; Specht et al., 1999).  
Soybean genetic improvements also have led to higher yields through increased lodging 
resistance, disease resistance, stress tolerance, and improved light capture and use of nutrients 
(Cober et al., 2005; De Bruin and Pedersen, 2008a; De Bruin and Pedersen, 2009b; Kumudini et 
al., 2001; Specht et al., 1999; Wilcox, 2001). The role of harvest index (HI) in historic yield 
gains is unclear; many studies have found no change in HI between old and new cultivars (De 
Bruin and Pedersen, 2009a; Specht et al., 1999), but increased HI in modern cultivars compared 
to old cultivars has also been observed (Kumudini et al., 2001).  Significant progress has been 
made in incorporating resistance to pests and pathogens including resistance to soybean aphid 
(Aphis glycines Matsumura), soybean cyst nematode (SCN) (Heterodera glycines), sudden death 
syndrome (SDS) (Fusarium virguliforme), bacterial blight (Pseudomonas syringae pv. glycinea), 
and phytopthora (Phytophthora sojae), which has resulted in yield protection in modern 
cultivars.  Compared to older cultivars, modern soybean cultivars have been found to accumulate 
significantly more dry matter and to continue to gain dry matter longer during the reproductive 
and seed filling period, providing more assimilates for seed production which may contribute to 
the higher yields (De Bruin and Pedersen, 2009a; Kumudini et al., 2001; Kumudini, 2002). 
 A number of studies have examined historic soybean yield gains and found that yield has 
been steadily increasing, with no plateau evident (De Bruin and Pedersen, 2008a; Egli, 2008a; 
Egli, 2008b; Specht et al., 1999; Ustun et al., 2001; Wilcox, 2001).  When old and new cultivars 
were evaluated in the same environment, yield gains have been estimated at 11 kg ha
-1
 yr
-1
 in 
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maturity group (MG) 000 to 0 soybean cultivars (Voldeng et al., 1997), 25.4 kg ha
-1
 yr
-1
 in MG II 
and III soybean cultivars (De Bruin and Pedersen, 2008a), and 14 kg ha
-1
 yr
-1
 in MG V and VI 
soybean cultivars (Ustun et al., 2001).  These values are similar to the historic annual increase of 
21.3 kg ha
-1
, indicating that improved genetics are a probable source for a large portion of the 
soybean yield increase.  However, as the world population increases and the land dedicated to 
food production decreases, a common concern is that the current yield gains are being achieved 
at an ever increasing research cost and may not be sufficient for the future needs.  Scientists 
predict that a 100-110% increase in global crop production will be required to meet the demands 
of 2050 (Tilman et al., 2012), making it critical to improve soybean yield at an even greater rate 
than is currently being achieved (Ainsworth et al., 2012). 
 In the short term, rotation effects also can cause increases in soybean yield.  Acreage of 
soybean in the US has been increasing since the 1970s, when the USDA began keeping records.  
In 1975, corn was planted on 77.5 million acres and soybean was planted on 54.6 million acres, 
and by 2010, corn was planted on 87.9 million acres and soybean was planted on 78.9 million 
acres (USDA-NASS).  These data indicate that the rotation of soybean with corn has become 
more prevalent.  Growing soybean in an annual rotation with corn or following multiple 
consecutive years of corn has been found to produce greater yields than continuous soybean 
alone, with an average yield increase of about 5-15% observed (Crookston et al., 1991; Kelley et 
al., 2003; Pedersen and Lauer, 2004; Porter et al., 1997; Temperly and Borges, 2006). Possible 
causes of the yield improvement observed with rotation include: favorable changes in soil 
nutrients, moisture, or structure, fewer noxious weeds, insects, or diseases, and possible positive 
growth effects due to compounds derived from previous crop residue (Crookston et al., 1991).  
Compared with soils after continuous soybean, the soils in soybean fields rotated with corn were 
found to have greater soil carbon concentrations (Kelley et al., 2003), greater soil moisture 
content, and produced plants with greater leaf area index (Pedersen and Lauer, 2004), which may 
contribute to the observed rotation effect on yield.   
Evidence of the effect of reduced diseases and pests can also be found in rotation of 
soybean with a non-host crop.  In northern US fields, soybean following multiple years of 
consecutive corn decreased SCN egg density compared with soybean in an annual rotation with 
corn (Chen et al., 2001).  Rotation also has been found to have an effect on pod and stem blight 
(Diaporthe phaseolorum var. sojae) disease severity and yield, where soybean grown after five 
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years of corn had the highest yield and lowest disease incidence compared with soybean grown 
in annual rotation with corn, which had higher disease levels and lower yields (Pedersen and 
Grau, 2010).  The effectiveness of rotation can vary depending on the life cycle of the pathogen.  
For example, annual rotation was not found to be sufficient to minimize yield reductions 
associated diseases such as sudden death syndrome (Xing and Westphal, 2009) and sclerotinia 
stem rot (Sclerotinia sclerotiorum) (Mueller et al., 2002).   
The objectives of this research were to examine the rate of yield gain in northern soybean 
MG II, III, and IV cultivars and to compare the effects of rotation on yield gain for soybean 
following eleven years of continuous corn or following a corn-soybean rotation. 
 
MATERIALS AND METHODS 
Plant Materials 
The experiment was grown in 2010 using 45 MG II soybean cultivars, 40 MG III 
cultivars, and 45 MG IV cultivars (Table 3.1).  The release date of the cultivars ranged from 
1923 to 2008, but the cultivars were heavily weighted towards release dates after 1970.  Of the 
130 cultivars evaluated, 27% were released prior to 1970, 34% were released between 1970 and 
1990, and 39% were released after 1990.  The cultivars were composed of 67% older plant 
introductions (PIs) and publicly released cultivars, mainly from Illinois, Indiana, Ohio, and Iowa, 
and 33% privately released cultivars from Monsanto, Pioneer, and Syngenta.  The privately 
released cultivars were nominated by each company, and the publicly released cultivars were 
selected because they were either very old cultivars that were still available or were cultivars that 
were included in uniform yield tests as checks, representing high-yield varieties from different 
decades.  Seed for each maturity group was increased at a single location in 2009.  The MG II 
cultivars were increased at the University of Nebraska by Dr. James Specht, the MG III cultivars 
were increased at the University of Illinois by Dr. Brian Diers, and the MG IV cultivars were 
increased at the University of Missouri by Dr. David Sleper. 
Experimental Design 
The cultivars from each maturity group were grown at two locations in Illinois.  The MG 
II cultivars were grown at the Northern Illinois Agronomy Research Center in Dekalb and at the 
Northwestern Illinois Agronomy Research Center near Monmouth.  The MG III cultivars were 
grown at the University of Illinois Crop Sciences Research and Education Center near Urbana 
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and at the Orr Agricultural Research Center in Perry.  The MG IV cultivars were grown at the 
Brownstown Agronomy Research Center in Brownstown and at the Dixon Springs Agricultural 
Research Center in Dixon Springs.  The number of entries was unequal at the two locations 
within each maturity group due to differences in available field space at each site.  Three fewer 
MG II cultivars were grown in Dekalb than Monmouth, five fewer MG III cultivars were grown 
in Perry than Urbana, and nine fewer MG IV cultivars were grown at Dixon Springs than 
Brownstown (Table 3.1). 
The experiment was organized as a split plot design, with previous rotation scheme as the 
main effect.  Each field had four blocks that had previously been planted as continuous corn for 
eleven years and four blocks that had been in an annual corn-soybean rotation.  Within each 
block, the cultivars were planted in a randomized design, resulting in four replications of 
soybeans grown on both prior planting treatments.  The treatment blocks were randomized 
within the field at all locations with the exception of Dekalb where all four replications of each 
prior planting treatment were blocked together.  At Dixon Springs, the experiment was divided 
into two fields located about 9.6 km apart, and both fields had two replications of each previous 
planting treatment.  The cultivars were grown at a seeding rate of 100 seeds per row in 3.2 m 
long four row plots with 0.76 m row spacing, and the middle two rows were harvested to 
determine seed yield.  The experiment was planted on the following days in 2010: May 6 at 
Monmouth and Perry, May 24 at Dekalb, May 26 at Urbana, June 7 at Brownstown, and June 10 
at Dixon Springs.  Emergence counts were taken at each location between growth stages V1 to 
V2 (Fehr et al., 1971) as the number of seedlings in a meter of row in each plot.  Data on 
maturity date at growth stage R8, plant height measured to the top node on the main stem, and 
lodging (scored from 1 to 5, where 1 is completely erect and 5 is prostrate) also were collected 
from each location in the fall.  The plots were harvested at maturity, and yield was adjusted to 
13% moisture. 
Disease and Soil Analysis 
 Soil cores were taken at each location in the spring at emergence and in the fall prior to 
harvest.  A total of ten soil samples 2.5 cm in diameter and 15 cm deep were randomly collected 
within each block and bulked together to represent an average soil sample from each block.  
Bradyrhizobium japonicum population levels were analyzed from the spring soil samples by the 
Conley lab at the University of Wisconsin to compare spring inoculum amounts in the 
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continuous corn and the corn-soybean plots.  B. japonicum levels were estimated using the 
procedure described by Furseth et al. (2010); briefly, quantitative (real-time) polymerase chain 
reactions (qPCR) for the nodZ and noeI genes in soybean-associated rhizobia were performed on 
a homogenized soil sample for each treatment from each location to estimate the number of 
rhizobia bacteria in the samples. SCN egg counts were also collected by Dr. Terry Niblack’s lab 
(University of Illinois) for each location and rotation treatment from the spring soil samples. 
SCN resistance of the soybean cultivars was evaluated by Dr. Niblack’s lab using SCN 
HG type 0 and HG type 2.5.7 isolates and a female index (FI) was determined each cultivar 
(Niblack et al., 2002; Niblack et al., 2009).  HG type 0 resistance evaluations use nematodes that 
cannot overcome any of the seven SCN resistance source indicator lines, and type 2.5.7 
resistance evaluations use nematodes that can overcome resistance from PI 88788, PI 209332, 
and PI 548316.  The female index was calculated by dividing the number of SCN females found 
on the test line by the number of females on the standard susceptible line Lee 74, then 
multiplying this value by 100.  A soybean cultivar with a FI below 10 was scored as highly 
resistant, between 10 and 30 was scored as resistant, 31 to 60 was scored as having low 
resistance, a score above 61 was scored as not resistant.   
Quantitative PCR was performed by Dr. Glen Hartman’s lab (University of Illinois, 
USDA-ARS) on bulked soil samples from each block collected in the spring and fall from each 
location to evaluate the levels of SCN and the causal agents of phytopthora root and stem rot 
(Phytophthora sojae), charcoal rot (Macrophomina phaseolina), anthracnose (Colletotrichum 
truncatum), sudden death syndrome (Fusarium virguliforme), and brown stem rot (Phialophora 
gregata) in each rotation treatment.  DNA was extracted from homogenized and lyophilized soil 
samples using the FastDNA Spin Kit for Soil (MP Biomedicals) and further purification was 
performed using the E.Z.N.A. MicroElute DNA Cleanup Kit (Omega Biotek).  The brown stem 
rot qPCR assay was developed by Malvick and Impullitti (2007), the SDS assay was developed 
by Li et al. (2008), and the remaining pathogen assays were developed by Dr. James 
Haudenshield (University of Illinois, USDA-ARS). 
 At the Urbana location, observations were collected by Dr. Glen Hartman at the R1 and 
R6 growth stages for symptoms of Japanese beetle injury (Popillia japonica), Septoria brown 
spot (Septoria glycines), bacterial blight, bacterial pustule (Xanthomonas axonopodis pv. 
glycines), downy mildew (Peronospora manshurica), SDS, stem canker (Diaporthe 
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phaseolorum), Cercospora leaf spot (Cercospora kikuchii), frogeye leaf spot (Cercospora 
sojina), and virus damage.  Root and stem samples from five border row plants in each plot were 
collected at maturity by the Hartman lab and were visually assessed for anthracnose, pod and 
stem blight (Diaporthe-Phomopsis complex), Cerscospora stem infection, green stem, and 
charcoal rot (Macrophomina phaseolina), and the roots were evaluated for general root 
healthiness.  All of the plant stand disease evaluations were rated on a 0 to 4 scale, with 0 
indicating no disease symptoms and 4 indicating heavy symptoms.  Green stem and charcoal rot 
were measured five plant samples collected at maturity, and were scored as the percentage of the 
five sampled stems that exhibited the disease. 
Statistical Analyses 
Data were analyzed using SAS v9.2 (SAS Institute, 2008).  On average across the six 
locations, maturity was delayed by about 0.13 days for each year later for cultivar release date.  
To compensate for any increases in yield caused by a delay in maturity, yields at each location 
were adjusted using maturity as a covariate.  The adjusted yields were used in all analyses, unless 
stated.  Analyses of variance to determine significant differences in yield and disease severities 
between the prior planting treatments were performed using the MIXED procedure and 
regression analyses were performed using PROC CORR.  The REG procedure was used to 
compare of the rate of genetic gain between the two treatments by creating dummy variables for 
the treatments being compared and testing if the slope difference between the two prior plant 
treatments was significantly different from zero.  The SAS coding for creating the dummy 
variable is printed below.  If the treatment was following continuous corn, a ‘1’ was assigned, 
and if the treatment was following the corn-soybean rotation, a ‘0’ was assigned.  A new 
variable, ‘dummyyear’, was created to test the effect of rotation on the yield gain slopes. 
data soybean2;  set soybean;  
  dummy = .; 
  IF rotation = "corn" then dummy = 1; 
  IF rotation = "soy" then dummy = 0; 
   dummyyear = dummy*year ;  RUN; 
PROC REG DATA= soybean2; 
   MODEL yield = dummy year dummyyear; RUN; 
 
RESULTS 
 B. japonicum levels were significantly greater in soil samples collected from the corn-
soybean rotation plots than in samples from the continuous corn plots in five of the six locations.  
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At the Perry location, there was no significant difference in B. japonicum levels between the 
continuous corn plots and the corn-soybean rotation plots.  Across all locations, B. japonicum 
was still present in the soil at an average level of 42 cells g
-1
 soil in the continuous corn plots, 
compared to an average of 1155 cells g
-1
 soil from plots in the corn-soybean rotation (Table 3.2).  
Additionally, soybean roots were examined in Urbana in August 2010, and comparable levels of 
plant nodulation were observed in both the continuous corn plots and the corn-soybean rotation 
plots, indicating that there was adequate B. japonicum for nodulation in both treatments. 
 Soil sample qPCR results for soybean pathogens varied greatly by location (Table 3.3).  
In general, pathogen levels for SDS, brown stem rot, and anthracnose were higher in plots 
following the corn-soybean rotation compared with following continuous corn, and soil pathogen 
levels tended to increase in both prior rotational treatments over the growing season.  SCN levels 
were very low to absent in the continuous corn plots, except at Perry where high levels of SCN 
were observed in the fall soil sample.  SCN was detected in the corn-soybean rotation plots at 
two locations in the spring and three locations in the fall.  The SCN egg counts from spring soil 
samples confirmed the high levels of SCN eggs present in the corn-soybean rotation soil at 
Brownstown and Dixon Springs and the low levels of eggs in the soil from the other locations 
and treatments.  The soil samples collected from Perry produced pathogen results that had 
different trends compared to the other five locations, with greater pathogen levels of SDS, 
anthracnose, and charcoal rot occurring in the continuous corn soil samples compared with the 
corn-soybean rotation soil samples. 
 Based on linear regression, no significant differences were observed for seedling 
emergence between older and modern soybean cultivars at any location or across prior planting 
treatments (p > 0.05).  Significant correlations (p < 0.001) were observed between the cultivar 
release year and important agronomic traits.  Overall, soybean height decreased by 0.18 cm yr
-1
 
(R
2
 = -0.37), lodging decreased by 0.02 points yr
-1
 (R
2
 = -0.68), maturity increased 0.13 days yr
-1
 
(R
2
 = 0.47), the unadjusted yield increased by 22.8 kg ha
-1
 yr
-1
 (R
2
 = 0.57), and the adjusted yield 
estimates increased by 19.8 kg ha
-1
 yr
-1
 (R
2
 = 0.51).  The unadjusted yields by year of release 
appeared to be fit by a curved yield response while the adjusted yield values were best fit by a 
linear model. 
Soybean yields were significantly greater after continuous corn compared to after a corn-
soybean rotation in five of the six locations (Figure 3.1).  Across environments, the unadjusted 
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soybean yield following continuous corn was 360 kg ha
-1
 greater than the average yield in 
soybean following the corn-soybean rotation, and the adjusted yield difference was 377 kg ha
-1
.  
The MG II cultivars had the highest average yield and the MG IV cultivars had the lowest 
average adjusted yield (Table 3.4).  The low MG IV cultivar yields could possibly be attributed 
to the hot and dry conditions experienced in southern Illinois during the summer of 2010 which 
depressed yields.  Using the adjusted soybean yields, the overall average annual rate of yield 
gain was 21.2 kg ha
-1
 following continuous corn and 18.8 kg ha
-1
 following the corn-soybean 
rotation.  For the unadjusted yields, the average rate of gain was 24.2 kg ha
-1
 in the continuous 
corn plots and 22.9 kg ha
-1
 in the corn-soybean rotation plots (Table 3.4).  There were no 
significant differences between the rate of yield gain for the adjusted or unadjusted yields 
between the two rotation treatments at any of the six locations (p > 0.05) or across all locations 
(unadjusted yield gain difference, p = 0.38; adjusted yield gain difference, p = 0.50).   
Yield gain was also compared between publicly and privately released cultivars (Figure 
3.2).  The overall average annual rate of gain was 18.7 kg ha
-1 
among publicly released cultivars 
and 22.2 kg ha
-1
 among the privately released cultivars.  There was no significant difference in 
the rate of yield gain between publicly and privately released cultivars (p = 0.68).   There was 
also no significant difference in the yield gain between the publicly or privately released soybean 
cultivars grown after continuous corn (p = 0.82) or after the corn-soybean rotation (p = 0.39). 
The average soybean yield after 1970 was not significantly different between publicly 
and privately released cultivars (p = 0.87), with publicly released cultivars yielding 3446 kg ha
-1
 
on average and privately released cultivars yielding 3646 kg ha
-1
 on average.  The publicly and 
privately released cultivar rates of yield gain after 1970 were not significantly different overall, 
with an average rate of gain of 21.0 kg ha
-1
 yr
-1
 for publicly released cultivars and 22.2 kg ha
-1
 
yr
-1
 for privately released cultivars.  There was also no significant difference in the rate of yield 
gain between public and private cultivars following continuous corn (p = 0.70) or a corn-soybean 
rotation (p = 0.57).  Public and private soybean cultivars released after 2000 were also compared, 
and no significant difference was observed for the average soybean yield between public and 
private varieties (p = 0.82), with public cultivars yielding 3786 kg ha
-1
 and privately released 
cultivars yielding 3853 kg ha
-1
.  The average overall rate of gain after 2000 was not significantly 
different between publicly and privately released varieties (p = 0.53), and there was no 
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significant difference between in the rate of gain for publicly or privately released varieties 
grown after continuous corn (p = 0.74) or after a corn-soybean rotation (p = 0.57). 
 The 130 cultivars across the three maturity groups were evaluated for resistance to SCN 
HG type 0 and type 2.5.7.  Only one cultivar, Franklin, exhibited resistance to HG type 2.5.7; the 
remaining lines had low resistance (11 cultivars) or no resistance (118 cultivars) to HG type 
2.5.7.  For the SCN HG type 0 resistance evaluations, 25 cultivars were scored as highly resistant 
or resistant, 13 cultivars were scored as having low resistance, and 92 cultivars were scored as 
having no resistance.  Among the 25 SCN HG type 0 resistant cultivars, 23 were released after 
1989.  Cultivars with HG type 0 resistance yielded similarly to cultivars lacking HG type 0 
resistance (Figure 3.3), with no significant difference (p = 0.99) between the average yield of 
SCN resistant cultivars released after 1990 (3699 kg ha
-1
) and the average yield of SCN 
susceptible cultivars released after 1990 (3701 kg ha
-1
).  There was no significant difference 
between the average annual rate of yield gain for cultivars that exhibited HG type 0 resistance 
and cultivars that had low or no HG type 0 resistance (p = 0.91).  There also was no significance 
difference in the annual yield gain between SCN HG type 0 resistant soybean cultivars and 
susceptible cultivars grown on either of the previous planting treatments (continuous corn, p = 
0.84; corn-soybean rotation, p = 0.96).  On plant roots examined in Urbana in August 2010, SCN 
cysts were readily visible on plants grown on the corn-soybean rotation plots while very few 
cysts were observed on the roots of plants grown on the continuous corn plots, showing that 
differences in SCN pressure were present between the two prior planting treatments, which is 
consistent with the qPCR results for this location. 
 Disease symptoms and plant injury were evaluated for 17 pathogens and pests at the 
Urbana MG III field site by Dr. Glen Hartman’s lab group.  Adjusting disease and pest 
symptoms for maturity date did not significantly affect the correlations, so the raw disease and 
pest data were used to calculate all correlations.  In general, a negative correlation was observed 
between disease severity and date of release for a number of the diseases including Japanese 
beetle injury, bacterial blight, bacterial pustule, Septoria brown spot, stem canker, stem 
anthracnose, pod and stem blight, and charcoal rot (Table 3.5).  This reduction in disease severity 
was also correlated with higher yields (r ~ -0.15 to -0.35; p < 0.001).  A positive correlation with 
year of release was found for frequency of green stem at plant maturity and general insect plant 
injury.  The average severity of the disease and pest injury was compared between the rotation 
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treatments to test for rotation effects.  The correlation values between year of release and 
disease/pest symptoms was similar in the continuous corn and corn-soybean rotation plots for 
most of the diseases, but not all.  
Severity of Septoria brown spot, SDS, stem anthracnose, pod and stem blight, and stem 
Cercospora were significantly less in the continuous corn plots compared to the corn-soybean 
rotation plots (Table 3.6).  Downy mildew severity at R1 and frequency of charcoal rot on 
mature plant samples were significantly higher in the plots following continuous corn compared 
to the corn-soybean rotation, but downy mildew severity was not significantly different between 
the two prior rotation treatments at R6.  There were no significant differences in disease severity 
between the two treatments for the other diseases or pests evaluated.  The differences in 
disease/pest score between old cultivars (released prior to 1980) and modern cultivars (released 
after 1980) are listed in Table 3.7.   In general, the differences between modern cultivars and old 
cultivars were similar for soybean grown following the same prior rotation treatment.  There was 
a general trend for decreased disease severity in modern soybean compared to older soybean, and 
this trend appeared to be consistent for cultivars planted in both prior treatments.  The 
differences between old cultivars grown after the two planting treatments (old CC – old CS) and 
the differences between modern cultivars grown after the two planting treatments (modern CC – 
modern CS) appeared to be similar, with the same magnitude of difference between the two 
treatments. 
 
DISCUSSION AND CONCLUSIONS 
The greater average yields that occurred after continuous corn compared to the corn-
soybean rotation suggests that the observed B. japonicum levels were sufficient to support 
adequate soybean yield performance.  Previous work has revealed no significant yield response 
after inoculating soybeans with levels of B. japonicum cells greater than 100 g
-1
 soil, and that 
higher soil nitrogen could compensate for lower B. japonicum populations (Thies et al., 1991).  
B. japonicum has high persistence in the soil (Triplett et al., 1993) and inoculation often has little 
effectiveness in increasing yield (De Bruin et al., 2010), suggesting that long-term rotation may 
not negatively affect B. japonicum populations to cause yield reductions in all environments. 
 In 2010, the observed 19.8 kg ha
-1
 overall rate of average annual yield gain was very 
close to the historical annual yield gain of 21.3 kg ha
-1
.  This experiment eliminated some of the 
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effects on yield gain caused by modern beneficial climate changes or production improvements 
by evaluating all of the cultivars in the same locations and by using identical production 
methods.  While this technique is not perfect because modern varieties may be more adapted to 
the current production environment and climate than older varieties, evaluating diverse cultivars 
in a common environment is believed to be the best way to predict genetic improvement (Cox et 
al., 1988).  The results suggest that the majority of the yield improvement in soybean can be 
attributed to genetic improvements.  These values are comparable to the rate of yield gain that 
other researchers have observed (De Bruin and Pedersen, 2008a; Ustun et al., 2001; Voldeng et 
al., 1997).  A rotation effect was also observed in this experiment, with soybean grown following 
continuous corn yielding about 12% more than soybean grown following a corn-soybean 
rotation.  This yield difference supports the hypothesis that growing continuous corn prior to 
soybean creates a more favorable environment for higher soybean yield compared to growing 
soybean in a corn-soybean rotation, and may possibly be due to differences in soil disease 
pressures, soil structure, or soil nutrient levels (Howard et al., 1998; Kelley et al., 2003). 
 The soil qPCR results showed that heavier soybean disease pressure may have occurred 
following the corn-soybean rotation plots compared with following continuous corn at most of 
the locations.  Pathogen levels tended to be greater throughout the growing season in the corn-
soybean rotation plots, which may have contributed to the yield reduction observed in the 
rotation plots compared to the continuous corn plots.  The reduction in pathogen levels in the 
continuous corn plots is in agreement with the finding that long-term crop rotation generally 
helps to control many of the soil-borne diseases of soybean (Adee et al., 1994; Chen et al., 2001; 
Porter et al., 2001; Zhang et al., 1998).  The soil qPCR results from the Perry location may 
provide some explanation to the lack of rotation effect observed at this site.  At Perry, the soil 
pathogen levels in the continuous corn plots were equal to or greater than the pathogen levels in 
the corn-soybean rotation plots, which may have eliminated any yield disparity caused by 
differences in disease pressure between the two rotation treatments. 
 There was no significant difference in the rate of yield gain between soybean grown after 
continuous corn or the corn-soybean rotation.  This finding was unexpected; modern soybean 
cultivars are generally being bred in field environments where a corn-soybean rotation is 
practiced, and we therefore expected that modern cultivars should be better adapted to these 
environments than older cultivars, which were developed in environments where soybean 
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production had not occurred for a long period of time.  Based on this expectation, soybean grown 
after a corn-soybean rotation should have had a more rapid rate of yield gain than soybeans 
grown after continuous corn, and the differences in yield between the two rotation treatments 
would be narrowing over time.  However, in all three maturity groups and at all locations, both 
the modern and older cultivars had a constant difference in yield between the continuous corn 
and corn-soybean rotation treatments (Figure 3.1).  These results show that breeders have not 
been successful in breeding soybean that is more adapted to a corn-soybean rotation, and that 
modern soybean is still experiencing as great a yield loss as the older soybean cultivars due to 
negative rotation effects. 
 There also was no significant difference observed in the rate of yield gain for publicly 
released cultivars compared to privately released cultivars (Figure 3.2), indicating that both 
public and private soybean breeders are improving soybean at about the same rate.  Examining 
soybean yield after 1970, which is generally considered the beginning of private soybean 
breeding efforts (Carter et al., 2004), shows that privately released cultivars averaged about 200 
kg ha
-1
 higher yields and slightly higher rates of gain (1.2 kg ha
-1
 yr
-1
) than publicly released 
cultivars, but these differences were not statistically significant.  Privately released cultivars also 
had no significant difference in yield gain when grown after continuous corn or a corn-soybean 
rotation, showing that both public and private breeding efforts are being equally limited by 
negative factors associated with rotation.  The lack of significant difference between public and 
private soybean cultivars released after 2000 indicates that this trend has remained constant over 
the last 40 years. 
 Two major limitations to soybean yield improvement since 1970 have been the increase 
in disease pressure, including SCN and sudden death syndrome, and the shift away from tillage 
practices which can reduce soybean disease inoculum levels (De Bruin and Pederson, 2008b; 
Vick et al., 2003).  Over the last few decades, breeders have been protecting yields by 
incorporating disease resistance into soybean cultivars (Carter et al., 2004), a practice which may 
be slowing overall yield improvement progress.  SCN has been on the increase in the US, 
making SCN resistance one of the primary traits breeders have been working to improve in 
soybean (Kopisch-Obuch et al., 2005).  Among the lines in our study, 19% exhibited resistance 
to SCN HG type 0, with most of these resistant cultivars released within the last 25 years.  Only 
one cultivar out of the 130 cultivars evaluated had resistance to HG type 2.5.7.  In Illinois, SCN 
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populations have shifted from being composed of over 60% HG type 0 in 1991 to over 60% HG 
type 2 in 2005 (Niblack, 2007), meaning that the PI 88788 source of resistance is becoming less 
effective.  This shift in SCN population structure indicates that soybean cultivars that were 
resistant to the HG type 0 SCN common in fields in the early 1990s are not resistant to the HG 
type 2 SCN that are prevalent in fields currently.  Coupled with this shift in nematode 
populations was the increase in soybean cultivars incorporating PI 88788 SCN resistance, the 
most common source of resistance, which is now found in over 90% of SCN resistant cultivars 
(Tylka, 2006).  The frequent usage of this resistance source likely resulted in strong selection for 
SCN HG type 2 populations in Illinois. 
Compared with SCN susceptible soybean, possession of SCN HG type 0 resistance was 
not associated with any significant differences in the rate of yield gain, and modern SCN 
resistant soybeans were found to yield comparably to modern SCN susceptible soybeans.  In 
contrast to this finding, De Bruin and Pederson (2008b) examined old and modern soybean 
cultivars in fields containing SCN HG type 2 at initial levels of 100 to 12,600 eggs g
-1
 soil, and 
found that modern SCN resistant cultivars yielded 14% more than modern SCN susceptible 
cultivars across the experiment, even though eight of the eleven resistant cultivars in their study 
derived resistance from PI 88788.   They also observed that modern SCN resistant cultivars 
yielded 32% more than old SCN susceptible cultivars.  
Our study also showed a general yield improvement from older cultivars to modern 
cultivars, but did not show a significant yield difference between modern SCN resistant and 
modern SCN susceptible cultivars.  In our study, the modern SCN resistant cultivars were not 
found to have a significantly higher average yield or rate of yield gain compared to the SCN 
susceptible cultivars in the corn-soybean rotation.  This lack of a difference in yield indicates that 
the SCN resistant cultivars are either not providing sufficient SCN protection, that SCN did not 
cause a substantial yield loss in the 2010 Illinois environments, or that the SCN resistance may 
be in lower-yielding cultivars that do not yield as highly as the SCN susceptible cultivars.  Yield 
depression has been observed in SCN resistant varieties, especially under low SCN pressure 
(Donald et al., 2006; Kopisch-Obuch et al., 2005).  Low SCN levels occurred at three locations 
in the corn-soybean rotation plots and at five locations in the continuous corn plots (Table 3.3), 
which could confound the conclusions about the effect of SCN resistance. 
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 The general trend for decreased disease severity over decades of cultivar improvement 
indicates that breeders have been successful in developing cultivars that have increased 
resistance to common soybean pathogens and are likely to be reducing yield losses caused by 
diseases.  A portion of the yield difference associated with the rotation effect may be explained 
by the higher disease levels observed on soybeans following a corn-soybean rotation compared 
to continuous corn.  The results from the soil qPCR evaluation support the observations of 
disease symptoms on the plants and showed higher levels of pathogens in the soils for the corn-
soybean rotation plots.  Although disease levels were not excessively high in 2010, some yield 
loss could be expected from the slightly greater levels of disease symptoms that were observed in 
the corn-soybean rotation plots, resulting in higher yields for the plots following continuous 
corn.   If higher levels of diseases and SCN had occurred in 2010, the rotation effect may have 
been reduced because disease-resistant modern soybeans grown on the disease heavy corn-
soybean rotation plots might have acted to protect yields with a greater effect, and may have had 
the opportunity to yield relatively more than older varieties. 
Modern and old varieties had similar differences in disease symptoms when grown 
following continuous corn or a corn-soybean rotation (Table 3.7), indicating that modern 
cultivars are still being affected by diseases and pests.  The overall severity of disease effecting 
modern cultivars has decreased (Table 3.5), but modern cultivars still have the same magnitude 
of symptom differences between cultivars grown after continuous corn and after a corn-soybean 
rotation as the older cultivars.  Breeders have increased disease resistance in modern cultivars, 
but it appears that the same relative amount of injury is occurring in modern cultivars as in old 
cultivars, which could be contributing to the rotation effect yield difference.  One possible 
explanation for this may be that breeders have been more successful at breeding for resistance to 
initial infection, thus decreasing the overall amount of disease, and less emphasis on breeding for 
resistance to spread of infection within the plant.   
 From this experiment, we can conclude that a significant portion of the historic yield gain 
in soybean has been due to improvements in genetics.  The conclusions relating to the yield gain 
on soybean grown following continuous corn or a corn-soybean rotation may be limited because 
this experiment could only be performed in one year.  However, the high consistency among the 
yield gain results at five of the six locations strengthens our conclusion that a lack of rotation-
adapted improvement appears to have occurred in northern soybean.  Modern soybean does not 
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seem to be any more adapted to a corn-soybean rotation than older cultivars, possibly because 
diseases and pests are still reducing yields by equivalent amounts in both modern and old 
cultivars.  By improving soybean response to rotation and diseases, breeders could have 
additional targets to continue to increase yields. 
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Table 3.1. Names and years of release for entries evaluated in the Illinois rotation study; an ‘x’ 
marks which locations each cultivar was grown within the maturity groups. 
 
2010 Genetic Gain Study MG 2 lines 
Name Year PI No. Originator Monmouth DeKalb 
Korean 1928 PI548360 North Korea x x 
Mukden 1932 PI548391 Liaoning x x 
Richland 1938 PI548406 Jilin x x 
Hawkeye 1947 PI548577 Iowa x x 
Harosoy 1951 PI548573 Ontario x x 
Lindarin 1958 PI548589 Indiana x x 
Harosoy 63 1963 PI548575 Illinois x x 
Hawkeye 63 1963 PI548578 Illinois x x 
Amsoy 1965 PI548506 Iowa x x 
Corsoy 1967 PI548540 Iowa x x 
Beeson 1968 PI548510 Indiana x x 
Amsoy 71 1970 PI548507 Indiana x x 
Wells 1972 PI548630 Indiana x x 
Harcor 1975 PI548570 Ontario x x 
Private 8 1977   Private x x 
Wells II 1978 PI548513 Indiana x x 
Corsoy 79 1979 PI518669 Illinois x x 
Century 1979 PI548512 Indiana x x 
Amcor 1979 PI548505 Ohio x x 
Private 11 1982   Private x x 
Elgin 1984 PI548557 Iowa x x 
Preston 1985 PI548520 Iowa x   
Private 15 1985   Private x x 
Conrad 1988 PI525453 Iowa x x 
Jack 1989 PI540556 Illinois x x 
Kenwood 1989 PI537094 Iowa x x 
Private 1 1989   Private x x 
RCAT Angora 1991 PI572242 Ontario x x 
Private 6 1991   Private x x 
Private 5 1993   Private x   
Private 10 1994   Private x x 
Private 16 1994   Private x x 
IA 2022 1995   Iowa x x 
Savoy 1996 PI597381 Illinois x x 
Dwight 1997 PI597386 Illinois x x 
Private 18 1997   Private x x 
IA 2052 2000   Iowa x x 
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Table 3.1. (cont.)     
Name Year PI No. Originator Monmouth DeKalb 
Loda 2001 PI614088 Illinois x x 
Private 4 2001   Private x x 
Private 17 2001   Private x   
IA 2068 2003   Iowa x x 
Private 3 2004   Private x x 
Private 19 2005   Private x x 
IA 2094 2006   Iowa x x 
Private 14 2008   Private x x 
 
2010 Genetic Gain Study MG 3 lines 
Name Year PI No. Originator Urbana  Orr 
Dunfield 1923 PI548318 Jilin x x 
Illini 1927 PI548348 China, developed in Illinois x x 
AK (Harrow) 1928 PI548298 China, developed in Ontario x x 
Mandell 1934 PI548381 China, developed in Indiana x x 
Mingo 1940 PI548388 China, developed in Ohio x x 
Lincoln 1943 PI548362 Illinois x x 
Adams 1948 PI548502 Iowa x x 
Shelby 1958 PI548574 Illinois x x 
Ford 1958 PI548562 Iowa x x 
Ross 1960 PI548612 Ohio x x 
Wayne 1964 PI548628 Illinois x x 
Adelphia 1964 PI548503 Indiana x x 
Calland 1968 PI548527 Indiana x x 
Williams  1971 PI548631 Illinois x x 
Woodworth 1974 PI548632 Illinois x x 
Private 1 1978   Private x x 
Cumberland 1978 PI548542 Iowa x x 
Oakland 1978 PI548543 Iowa x   
Pella 1979 PI548523 Iowa x x 
Williams 82 1981 PI518671 Illinois x x 
Private 15 1983   Private x x 
Zane 1984 PI548634 Ohio x x 
Harper 1984 PI548558 Iowa x   
Private 2 1986   Private x x 
Resnik 1987 PI534645 Ohio x   
Private 9 1989   Private x x 
Dunbar 1992 PI552538 Nebraska x x 
Private 16 1991   Private x x 
Macon 1995 PI593258 Illinois x x 
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Table 3.1. (cont.)     
Name Year PI No. Originator Urbana  Orr 
IA 3004 1995   Iowa x x 
Private 11 1996   Private x x 
Pana 1997 PI597387 Illinois x   
Private 6 1998   Private x x 
Private 20 2000   Private x   
U98-311442 2001   Nebraska x x 
Private 8 2002   Private x x 
IA 3023 2003   Iowa x x 
Private 13 2004   Private x x 
Private 23 2006   Private x x 
Private 14 2007   Private x x 
 
2010 Genetic Gain Study MG 4 lines   
Name Year PI No. Originator Brownstown Dixon Springs 
Macoupin 1930 PI548364 unknown x x 
Scioto 1933 PI548410 China, developed in Ohio x x 
Boone 1935 PI548309 China, developed in Missouri x x 
Chief 1940 PI548314 China, developed in Illinois x x 
Patoka 1940 PI548400 China, developed in Indiana x x 
Gibson 1942 PI548330 Indiana x x 
Wabash 1948 PI548626 Indiana x x 
Perry 1952 PI548603 Indiana x x 
Clark 1953 PI548533 Illinois x x 
Clark 63 1963 PI548532 Illinois x x 
Cutler 1968 PI548547 Indiana x x 
Bonus 1971 PI548517 Indiana x x 
Private 12 1973   Private x x 
Franklin 1977 PI548563 Illinois x x 
Union 1977 PI548622 Illinois x x 
Douglas 1980 PI548555 Kansas x x 
Private 6 1980   Private x   
Private 7 1980   Private x x 
Lawrence 1981 PI518673 Illinois x   
Sparks 1981 PI548619 Kansas x x 
Private 13 1984   Private x x 
Private 1 1985   Private x   
Morgan 1986 PI510670 Maryland x x 
Spencer 1988 PI525454 Indiana x   
Flyer 1988 PI534646 Ohio x x 
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Table 3.1. (cont.)     
Name Year PI No. Originator Brownstown 
Dixon 
Springs 
Private 2 1989   Private x x 
Private 8 1990   Private x x 
Corsica 1991 PI559931 Maryland x x 
Private 3 1992   Private x   
Private 14 1992   Private x   
KS4694 1993 PI586981 Kansas x x 
Stressland 1994     x   
Private 16 1994   Private x x 
Mustang 1995 PI595363 Missouri x x 
Omaha 1996 PI597382 Illinois x x 
Private 17 1996   Private x x 
Private 10 2000   Private x   
Private 11 2000   Private x x 
LS93-0375 2001 PI620883 Illinois x x 
Private 4 2001   Private x x 
LN97-15076 2003 PI633983 Illinois x x 
Private 5 2004   Private x   
LD00-3309 2005 PI639740 Illinois x x 
Private 19 2006   Private x x 
Private 20 2008   Private x x 
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Table 3.2. Estimated levels of Bradyrhizobium japonicum in spring soil samples and average 
unadjusted yield from each location and prior planting treatment, where ‘CS’ stands for a prior 
corn-soybean rotation and ‘CC’ stands for prior continuous corn plantings. 
 
Location 
Maturity 
Group 
Prior 
Rotation 
B. japonicum 
(cells g
-1
 soil) 
Avg Unadj. 
Yield (kg ha
-1
) 
Perry II CS 94.5 ns 3652 ** 
   CC 108.9 3336 
Dekalb II CS 3698.5 * 3349 ** 
   CC 12.2 3948 
Monmouth III CS 2186.8 * 3921 ** 
   CC 56.6 4566 
Urbana  III CS 528.8 * 3289** 
   CC 38.2 3773 
Brownstown IV CS 241.4 * 2905 ** 
   CC 15.2 3262 
Dixon 
Springs  
IV CS 177.8 * 1399 ** 
 CC 20.2 1789 
Average  CS 1154.6 * 3086 ** 
  CC 41.9 3446 
 
ns = nonsignificant difference between the two prior planting treatments 
* = significant difference between the two prior planting treatments (p < 0.05) 
** = significant difference between the two prior planting treatments (p < 0.001) 
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Table 3.3. Levels of pathogens/pests in spring and fall soil samples (pg pathogen g
-1
 soil) and H. glycines egg counts (cells g
-1
 soil) 
from soil samples collected in the spring at emergence.  The abbreviation ‘CC’ indicates the prior planting treatment was continuous 
corn and the abbreviation ‘CS’ indicates the prior planting treatment was a corn-soybean rotation. 
 
 
Prior 
Rotation 
P. sojae F. virguliforme H. glycines S. glycines C. truncatum M. phaseolina 
Location Spring Fall Spring Fall 
Spring 
egg 
count Spring Fall Spring Fall Spring Fall Spring Fall 
Perry CC 0 0 211 573 80 0 27085 0 0 797 374 829 919 
Perry CS 0 0 167 430 60 0 0 0 0 325 1037 414 220 
Dekalb CC 0 0 63 614 40 0 0 398 34278 0 30 0 0 
Dekalb CS 0 0 71 404 100 0 0 9287 100153 1171 4 0 0 
Monmouth CC 0 0 26 74 80 0 0 125 44 0 204 0 678 
Monmouth CS 0 0 198 681 80 0 4 5294 3740 117 244 0 165 
Urbana CC 0 0 50 205 50 0 0 163 169 0 1 122 1580 
Urbana CS 0 0 507 1845 140 0 75495 14067 37301 2 374 6 513 
Brownstown CC 0 0 54 1023 80 0 2 0 0 0 374 107 2844 
Brownstown CS 0 0 199 551 3680 1014 690 2 0 209 80 343 69 
Dixon Springs CC 0 0 141 895 70 0 2 4 0 2 68 545 1060 
Dixon Springs CS 0 0 747 1657 3570 9447 14329 407 1889 1127 235 1567 1089 
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Table 3.4. Average adjusted yields and annual adjusted and unadjusted yield gains at each Illinois location for soybean following 
continuous corn or a corn-soybean rotation.  The adjusted yields were adjusted using maturity date as a covariate. 
 
  Continuous Corn Corn-Soybean 
  
Maturity 
Group 
Avg Yield 
(kg ha
-1
) 
Adj. Gain 
(kg ha
-1
) 
Unadj. Gain 
(kg ha
-1
) 
Avg Yield 
(kg ha
-1
) 
Adj. Gain 
(kg ha
-1
) 
Unadj. Gain 
(kg ha
-1
) 
Perry II 3337 23.0 28.9 3551 28.5 28.9 
Dekalb II 3942 24.1 24.9 3349 18.4 22.2 
Monmouth III 4563 25.5 22.8 3918 17.0 24.2 
Urbana III 3768   9.3 21.5 3286 11.0 20.9 
Brownstown IV 3260 21.2 20.8 2903 21.3 18.8 
Dixon Springs IV 1792 14.7 15.5 1396 11.0 15.5 
Average  3444 21.2 24.2 3067 18.8 22.9 
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Table 3.5. Correlation of disease and pest severity with year of release in soybean grown following continuous corn, a corn-soybean 
rotation, and across the overall experiment in Urbana 2010.  Observations were taken at R1 and R6 on plants in the field and from 
plant samples collected at maturity. 
 
      Continuous Corn       Corn-soybean Overall 
 Disease/Pest Correlation p-value Correlation p-value Correlation p-value 
F
o
li
a
r 
o
b
se
rv
a
ti
o
n
, 
R
1
 Japanese beetle -0.18 0.02 -0.26 0.001 -0.22 <.0001 
Brown spot -0.09 0.25 -0.03 0.75 -0.04 0.42 
Bacterial blight -0.34 <.0001 -0.29 <.0001 -0.31 <.0001 
Downy mildew 0.09 0.29 0.14 0.09 0.10 0.08 
Bacterial pustule -0.27 0.001 -0.21 0.01 -0.23 <.0001 
General virus 0.03 0.72 0.07 0.38 0.04 0.51 
F
o
li
a
r 
o
b
se
rv
a
ti
o
n
, 
R
6
 
Brown spot  -0.31 <.0001 -0.31 <.0001 -0.30 <.0001 
Insect injury  0.49 <.0001 0.49 <.0001 0.49 <.0001 
Bacterial disease  -0.68 <.0001 -0.71 <.0001 -0.69 <.0001 
Downy mildew  0.34 <.0001 0.42 <.0001 0.38 <.0001 
Sudden death  0.04 0.59 0.02 0.83 0.02 0.66 
Frogeye leaf spot  0.03 0.68 0.13 0.10 0.08 0.13 
Cercospora  -0.07 0.39 0.17 0.04 0.06 0.30 
Stem canker  0.00 1.00 -0.23 0.004 -0.12 0.04 
S
te
m
 a
n
d
 r
o
o
t 
sa
m
p
le
s,
 
m
a
tu
ri
ty
 
Root appearance  -0.38 <.0001 -0.47 <.0001 -0.43 <.0001 
Stem anthracnose -0.38 <.0001 -0.34 <.0001 -0.34 <.0001 
Pod and stem blight -0.32 <.0001 -0.32 <.0001 -0.29 <.0001 
Stem cercospora -0.29 <.0001 0.01 0.86 -0.09 0.12 
Charcoal rot (%) -0.19 0.02 -0.17 0.03 -0.18 0.001 
Green stem (%) 0.33 <.0001 0.26 0.001 0.30 <.0001 
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Table 3.6. Average values for symptoms of foliar and stem pathogens and pests, and root 
appearance on soybeans grown following continuous corn (CC) or a corn-soybean (CS) rotation. 
Observations were taken on plants in the field at R1 and R6, and from plant samples collected at 
maturity in Urbana 2010.  Symptoms were rated on a scale of 0 to 4 for most of the diseases and 
pests, with 0 indicating no symptoms present and 4 indicating very heavy symptoms.  Charcoal 
rot and green stem ratings were taken on plant samples collected at maturity and were rated as 
the percentage of the five plant samples that exhibited disease symptoms. 
 
 
 
Disease/Pest    CC Mean         CS Mean p-value 
P
la
n
t 
st
a
n
d
 
o
b
se
rv
a
ti
o
n
, 
R
1
 
Japanese beetle 1.83 1.88 0.40 
Septoria Brown spot 1.20 1.99 <.0001 
Bacterial blight 0.89 1.04 0.16 
Downy mildew 0.88 0.35 <.0001 
Bacterial pustule 0.08 0.03 0.06 
General virus 0.04 0.01 0.05 
P
la
n
t 
st
a
n
d
 
o
b
se
rv
a
ti
o
n
, 
R
6
 
Septoria Brown spot 1.95 2.34 <.0001 
Insect injury 2.57 2.68 0.11 
Bacterial disease 0.91 1.04 0.13 
Downy mildew 1.47 1.44 0.74 
Sudden death 0.42 1.16 <.0001 
Frogeye leaf spot 0.61 0.63 0.80 
Cercospora 0.18 0.28 0.12 
Stem canker 0.16 0.10 0.19 
S
te
m
 a
n
d
 r
o
o
t 
sa
m
p
le
s,
 
m
a
tu
ri
ty
 
Stem anthracnose 1.62 2.19 <.0001 
Pod and stem blight 1.37 2.18 <.0001 
Stem Cercospora 2.39 2.78 0.01 
Charcoal rot (%) 20.77 13.38 0.002 
Green stem freq. (%) 7.92 6.00 0.21 
Root appearance 3.25 3.13 0.29 
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Table 3.7. Average values for differences of yields, pathogen/pest symptoms, and root appearance between old (pre-1980) and modern 
(post-1980) soybean cultivars grown following continuous corn (CC) or a corn soybean rotation (CS) in Urbana 2010.  Observations 
were taken on plants in the field at R1 and R6, and from plant samples collected at maturity.  Symptoms were rated on a scale of 0 to 4 
for most of the diseases and pests, with 0 indicating no symptoms present and 4 indicating very heavy symptoms.  Charcoal rot and 
green stem ratings taken on plant samples at maturity are rated as the percentage of the five plant samples that exhibited disease 
symptoms. Significance indicated as follows: * p < 0.05; ** p < 0.01; *** p < 0.001. 
 
  
Cont. Corn Corn-Soybean Continuous Corn - Corn-Soybean 
  Disease/Pest 
Modern CC -
Old CC 
Modern CS -
Old CS 
Modern CC - 
Modern CS 
Old CC -  
Old CS 
Modern CC - 
Old CS 
Old CC -
Modern CS 
F
o
li
a
r 
o
b
se
rv
a
ti
o
n
, 
R
1
 
Japanese beetle -0.26  * -0.32 ** -0.02 -0.08 -0.33 ** 0.24 
Brown spot -0.10 * -0.01 -0.83 *** -0.75 *** -0.85 *** -0.74 *** 
Bacterial blight -0.60 ** -0.61 ** -0.15 -0.16 -0.76 *** 0.45 * 
Downy mildew 0.19 0.10 0.58 *** 0.49 *** 0.67 *** 0.39 *** 
Bacterial pustule -0.17 *** -0.05 0.00 0.12 ** -0.05 0.14 *** 
General virus -0.03 0.01 0.01 0.05 * 0.02 0.04 
F
o
li
a
r 
o
b
se
rv
a
ti
o
n
, 
R
6
 
Brown spot -0.45 ** -0.33 * -0.44 *** -0.32 * -0.77 *** 0.02 
Insect injury 0.58 *** 0.47 *** -0.04 -0.15 0.43 ** -0.62 *** 
Bacterial disease -1.60 *** -1.70 *** -0.09 -0.20 -1.79 *** 1.51 *** 
Downy mildew 0.63 * 0.76 ** -0.03 0.12 0.75 ** -0.66 * 
Sudden death 0.03 -0.11 -0.66 *** -0.80 *** -0.77 *** -0.69 *** 
Frogeye leaf spot -0.09 0.03 -0.07 0.05 -0.03 0.02 
Cercospora -0.02 0.20 -0.22 * 0.00 -0.02 -0.20 
Stem canker -0.03 -0.16 ** 0.12 -0.01 -0.04 0.15 * 
S
te
m
 a
n
d
 r
o
o
t 
sa
m
p
le
s,
 
m
a
tu
ri
ty
 
Root appearance -0.69 *** -0.88 *** 0.21 0.02 -0.67 *** 0.90 *** 
Stem anthracnose -0.58 *** -0.55 ** -0.59 *** -0.55 *** -1.14 *** -0.01 
Pod and stem blight -0.56 *** -0.47 ** -0.86 *** -0.77 *** -1.33 *** -0.30 
Stem cercospora -0.49 * -0.13 -0.57 ** -0.21 -0.70 ** -0.08 
Charcoal rot (%) -8.27 * -2.48 4.99 10.78 ** 2.51 13.26 ** 
Green stem (%) 10.49 ** 8.67 ** 2.54 0.72 11.21 *** -7.94 * 
Harvest Yield (kg ha
-1) 394.6 *** 410.0 *** 493.6*** 509.0 *** 903.5 *** 98.9 
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Figure 3.1. Average adjusted soybean yields by maturity group (MG) and prior planting 
treatment.  Soybean grown following continuous corn (CC) are represented by solid shapes and 
soybean grown following a corn-soybean rotation (CS) are represented by outlined shapes.  
Cultivars in MG II are depicted by squares, MG III are depicted by diamonds, and MG IV are 
depicted by circles.  The average yield gain for soybean following continuous corn is graphed 
using a solid line and the average yield gain for soybean following a corn-soybean rotation is 
graphed using a dashed line. 
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Figure 3.2. Average adjusted soybean yields depicted by release source (public or private) and 
prior planting treatment, continuous corn (CC – triangle symbol) or a corn-soybean rotation (CS 
– circle symbol).  Outlined shapes represent cultivars released publicly and solid shapes 
represent cultivars released privately.  The average yield gain for publicly released soybeans is 
graphed using a solid line and the average yield gain for soybeans released by private companies 
is graphed using a dashed line. 
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Figure 3.3. Average estimated soybean yields, plotted against the cultivar release year and SCN 
HG type 0 female index score.  Female index, a measure of resistance to SCN, was calculated by 
dividing the number of SCN females found on the test line by the number of females on a 
standard susceptible line Lee 74, and multiplying this value by 100. 
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CHAPTER FOUR 
Yield QTL Confirmation in Soybean 
INTRODUCTION 
Yield gain and protection are among the primary traits that breeders are working to 
improve in soybean [Glycine max (L.) Merr.] (Orf et al., 2004; Sebastian et al., 2010).  In crops, 
yield gains can occur by taking advantage of genetic diversity within the species by selecting for 
or introducing new yield increasing alleles into varieties that lack these alleles.  Elite soybean, 
however, has a very narrow genetic base in North America, with only 17 ancestors making up 
about 84% of the base (Gizlice et al., 1994).  Even with such a restricted genetic base, modern 
soybean varieties have managed to maintain much of the genetic variation from the founding 
landraces (Hyten et al., 2006), providing an explanation for the steady annual yield gain of 21.3 
kg ha
-1
 in the US over the period from 1924 to 2010 (USDA-NASS 2010).  Although soybean 
yields continue to increase, there is concern that a soybean yield plateau could be reached, 
significantly affecting world food production (Egli, 2008).  In addition, the world population is 
continuing to rise while land devoted to agriculture is shrinking, requiring breeders to make 
increasingly larger gains in yield to keep up with greater soybean demand. 
 One method to continue yield gains is to increase the genetic diversity in soybean by 
using G. max plant introductions (PIs) that have not been previously used for breeding or by 
using the wild relative G. soja as an allele donor.  Among worldwide germplasm collections, 
there are an estimated 47,000 G. max accessions and 8,500 G. soja accessions that could be 
evaluated for yield increasing genes (Carter et al., 2004).  However, it is often difficult to 
identify yield genes from exotic germplasm because yield is a complex quantitative trait which 
can be masked by undesirable yield decreasing QTL in exotic germplasm, or may be associated 
with yield-influencing traits like maturity or height, making it difficult to identify true yield 
quantitative trait loci (QTL) (Concibido et al., 2003; Kabelka et al., 2004; Reyna and Sneller, 
2001; Specht et al., 2001; Thompson and Nelson, 1998; Wang et al., 2004).  Even with these 
difficulties, researchers have been able to identify a number of valuable yield increasing alleles 
from plant introductions (Concibido et al., 2003; Guzman et al., 2007; Kabelka et al., 2004; Li et 
al., 2008; Smalley et al., 2004; Thompson and Nelson, 1998), providing evidence that mining 
exotic germplasm for yield alleles is worthwhile. 
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 Advances in molecular marker technology have made it simpler and more efficient for 
researchers to map and work with QTL for many traits, including complex traits like yield 
(Concibido et al., 2003).  Marker-yield QTL associations can be mapped in exotic germplasm, 
and marker assisted selection (MAS) can be used to introgress the mapped QTL alleles into elite 
varieties.  However, quantitative traits are often difficult to work with due to complexities 
involving different QTL segregating in different populations, QTL x genetic background 
interactions, and QTL x environment interactions (Bernardo, 2008).  Using MAS to select for 
multiple favorable quantitative trait alleles can become complicated, requiring progressively 
larger populations as the number of desired QTL to be selected increases (Xu and Crouch, 2008), 
limiting the ability of breeders to stack multiple minor yield QTL into a variety.  Molecular 
markers can be used with great efficiency in backcrossing to more quickly recover the elite 
parent genotype and transfer the desired exotic QTL alleles (Li et al., 2008; Orf et al., 2004), 
increasing the rate breeders that can introgress exotic QTL into elite varieties. 
 Selected QTL should also first be validated to determine whether MAS will be widely 
successful, which would confirm that the QTL are true yield increasing alleles that act 
consistently across multiple genetic backgrounds and environments.  The Soybean Genetics 
Committee (2007) has dictated rules for QTL confirmation: the QTL must be confirmed at an 
experiment-wise error rate of 0.01 in a population developed from a separate set of meiotic 
events from the original population (ie: in a new population generated from the cross, a new 
backcross population, or a population developed from a heterozygous plant from the original 
population).  To date, a total of 15 QTL have been confirmed in soybean for traits including oil 
and protein content, soybean cyst nematode resistance, seed weight, and yield 
(www.soybase.org).  In the case of yield, confirming QTL in soybean has proven quite difficult 
and only one yield QTL has been confirmed, cqSd yld-001, located on chromosome 20.  QTL 
confirmation is vital to determine if the numerous yield increasing QTL that have already been 
identified are effective across a large section of soybean germplasm or if these QTL have only a 
limited usefulness in certain backgrounds (Carter et al., 2004).  By confirming yield QTL in 
diverse genetic backgrounds, the QTL could be very beneficial in breeding for continued yield 
gains. 
 Guzman et al. (2007) examined yield QTL in populations developed from three PI 
parents and identified 13 yield QTL in total, with the PI parent contributing the high yield allele 
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for eight of the QTL.  The percent phenotypic variation for yield for each QTL ranged from 5.4 
to 51.4%.  Later maturity was associated with three yield increasing QTL alleles, and one yield 
QTL allele was associated with lodging and increased height.  Yield QTL had been previously 
mapped to the regions where all 13 of the yield QTL loci had been previously mapped in other 
studies, and significant QTL x environment interactions were detected for six of the yield QTL.  
Epistatic interactions were not detected in two of the three mapping populations, and nine 
significant epistatic interactions were detected in one population. 
 The objectives of this research are to confirm four yield QTL that were mapped by 
Guzman et al. (2007) in the population developed using PI 68658, an exotic germplasm line, as 
the donor parent and Lawrence as the recurrent parent.  Of the four QTL identified, the yield 
increasing allele for three were contributed by PI 68658 and one was contributed by Lawrence.  
Two types of populations were developed to confirm the effects of the yield QTL; the three PI 
QTL were examined in a population composed of three sets of near isogenic lines (NILs), and 
the effects of all four QTL were examined in a segregating recombinant inbred line (RIL) 
backcross population. 
 
MATERIALS AND METHODS 
Plant Materials 
 Guzman et al. (2007) identified four yield QTL from a BC3F2-derived population 
developed using PI 68658 as the donor parent and Lawrence as the recurrent parent (Table 4.1).    
None of these yield QTL were associated with maturity, height, or lodging in the original 
mapping population.  To validate the four yield QTL, two soybean populations were developed.  
One population consisted of three sets of NILs that were each segregating for a single yield QTL 
from PI 68658 and the second population, called the Y94A population, was a RIL backcross 
population that was segregating for all four yield QTL. 
The NIL populations were developed in 2006 by selecting three lines from the original 
mapping population that were each heterogeneous for one of the three QTL contributed by PI 
68658.  Seed from the three heterozygous plants were grown in the greenhouse and genotyped, 
and plants homozygous  for each of the alleles in QTL regions were identified from each 
population.  In 2007, seed from each of the homozygous plants were grown in the field and bulk-
harvested to use as BC3F4-derived entries for the QTL confirmation test.  Population YLIIIA 
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consisted of 36 lines segregating at Satt300 on chromosome 5 (linkage group A1), with 17 lines 
homozygous for the PI allele and 19 lines homozygous for the Lawrence allele.  Population 
YLIIIB contained 41 lines and was segregating at Satt414 on chromosome 16 (linkage group J), 
with 21 lines homozygous for the PI allele and 20 lines homozygous for the Lawrence allele.  
Population YLIIIC had 40 lines segregating at Satt474 on chromosome 14 (linkage group B2), 
with 20 lines homozygous for the PI allele and 20 lines homozygous for the Lawrence allele.  
The Y94A population consisted of 117 lines and was developed to segregate for all four 
yield QTL.  To develop the population, LG01-16487, a BC3F2-derived line homozygous for all 
four high yield QTL, was selected from the PI 68658 x Lawrence population studied by Guzman 
et al. (2007) and was used as a donor parent to develop a population of BC1F3-derived lines to 
use in QTL confirmation.  The recurrent parent was the high-yielding variety LD00-3309.  The 
initial cross between LD00-3309 x LG01-16487 was made in the spring of 2006 in a greenhouse, 
and a backcross was made in the summer of 2006 to produce BC1F1 seed.  In 2007, the 
population underwent two generations of selfing and was sent to Chile in the winter of 2007-
2008 for seed increase, generating a population of 117 BC1F3:4 lines that were segregating for all 
four yield QTL.  This population was first evaluated in the summer of 2008, and the harvested 
seed was used in field evaluations in Illinois in 2009 and 2010. 
Regenotyping of the Y94A lines with additional adjacent markers in January 2011 
revealed that the RIL population was not segregating for the PI 68658 alleles at Satt474 due to a 
mistake made in genotype selection during the initial population development.  The segregating 
alleles at Satt474 were found to be from Lawrence and LD00-3309, not from PI 68658.  Satt474 
was significantly associated with yield (p = 0.026) across environments, with an additive effect 
yield increase of 75.6 kg ha
-1
 contributed by the LD00-3309 allele.  However, because the high 
yield QTL associated with Satt474 was not contributed by PI 68658, Satt474 will be dropped 
from any future evaluations and breeding projects. 
Experimental Design 
 The NIL populations were grown in 2008 and 2009 at Urbana, Arthur, and Hume, IL and 
the Y94A population was grown in 2008, 2009, and 2010 at Urbana and Hume, IL.  In 2008, wet 
weather caused a major delay in planting at Hume and caused minor flooding and stand 
reductions at the Urbana and Hume locations.  The NIL populations were planted on May 28, 
2008 and May 23, 2009 in Urbana; June 23, 2008 and June 2, 2009 in Hume; and May 21, 2008 
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and May 22, 2009 in Arthur.  The Y94A backcross population was planted on the same dates at 
the Hume and Urbana locations in 2008 and 2009.  During 2010, the Y94A population was 
planted on May 26 at Urbana and May 5 at Hume. The NIL populations were grown in two row 
plots with three replications at each location, and the Y94A backcross population was grown in 
four row plots with two replications at each location.  The plots were planted at a rate of 100 
seeds per 3.2 m row with a 0.76 m row spacing. The plots were arranged in a randomized 
complete block design with two replications at each location. 
Data Collection, Genotyping, and Statistical Analyses 
 Data on the date when 95% of the pods reached their mature color in a plot, plant height 
measured to the top of the main stem, and plant lodging (rated from 1 to 5, where 1 indicates an 
erect plant stand and 5 indicates the plants are fully prostrate) data were collected on both the 
NIL populations and the Y94A population.  The plots were harvested at maturity, and yield was 
adjusted to 13% moisture.  Lines in the populations were genotyped by taking a bulk sample of 
trifoliolates from ten individual plants for each entry, and DNA was extracted using a modified 
CTAB procedure based on the method described by Keim and Shoemaker (1988).  The lines 
were genotyped with the SSR markers Satt300, Satt414, Satt445, and Satt474.  Polymerase chain 
reactions (PCR) for the SSR markers were performed according to Cregan and Quigley (1997) 
and the SSR PCR products were analyzed using polyacrylamide gel electrophoresis as described 
by Wang (2003). 
 In 2010, yield component data for the Y94A population were collected from whole plants 
from two replications of 54 selected lines at the Urbana location. These plants were harvested 
from the border rows of the four-row plots after harvest.  The lines were selected based on the 
analysis of the 2010 Urbana data which showed that Satt300 and Satt445 were significantly 
associated with yield at this environment.  Satt474 also was significantly associated with yield 
across the overall experiment, so RILs with genotypes that were homozygous at two or three of 
these markers for the high-yield alleles (A) or the low-yield alleles (B) were selected.  These 
selections were made prior to the knowledge that the yield alleles at Satt474 were not contributed 
by PI 68658.  Specifically, lines with the genotype AAA or BBB at all three markers and lines 
with the genotype AA or BB at Satt300 and either Satt445 or Satt474 were selected.  The high-
yield alleles were contributed by PI 68658 for Satt300 and Satt445, and by LD00-3309 for 
Satt474.  The low-yield alleles were contributed by LD00-3309 at Satt300 and Satt445, and by 
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Lawrence at Satt474.  Six RILs were homozygous for the high-yield alleles at all three markers 
and eight RILs were homozygous for low-yield alleles at all three markers.  For RILs 
homozygous for two of the three high-yield alleles, 13 lines were homozygous at Satt300 and 
Satt445 and eight lines were homozygous at Satt300 and Satt474.  For RILs homozygous for two 
of the three low-yield alleles, ten were homozygous at Satt300 and Satt445 and 11 were 
homozygous at Satt300 and Satt474.  Starting at a random point in a plot, the next 30 plants from 
the border rows of each plot were cut at their base and bundled in burlap sacks to be assessed 
later for yield components. 
 Yield components were evaluated on ten arbitrarily selected plants from each harvested 
plot.  On each plant, five traits were counted including total number of nodes on the main stem, 
number of nodes with pods, number of pods on the main stem, number of branches, and number 
of pods on the branches.  The ten plants from a plot were threshed together, and the total number 
of seeds was counted.  From this information, average number of seeds per plant and average 
number of seeds per pod were calculated for each RIL.  The 100 seed weight was also collected 
from the first replicate of all plots in Urbana in 2010. 
 SAS v9.2 (SAS Institute, 2008) was used to analyze the association between markers and 
yield and yield components using the MIXED procedure.  Heritability for yield was calculated in 
the Y94A population, using proc MIXED to estimate variance components.  Heritability was 
calculated as σ2RIL / [σ
2
RIL + σ
2
(RIL x env)/n + σ
2
(error)/(r*n)] where r is the number or replications 
and n is the number of environments.  Genotypic and phenotypic correlations for the Y94A RIL 
population were calculated in proc MIXED using procedures described by Holland (2006). 
 
RESULTS 
NIL Populations 
The average plant height, maturity date, lodging score, and yields associated with 
markers in the NIL populations YLIIIA, YLIIIB, and YLIIIC are listed in Tables 4.2, 4.3, and 
4.4.  The average yields for the NIL populations with marker associations are graphically 
compared in Figure 4.1.  In population YLIIIA, yield was not significantly associated with 
Satt300 (p > 0.05) in any of the locations, or across years (Table 4.5).  Over all six environments, 
the yield difference between NILs homozygous for the PI 68658 allele and NILs homozygous for 
the Lawrence allele was a little less than one kg ha
-1
.  Across the experiment, Satt300 was 
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significantly associated with lodging (p = 0.01) but was not significantly associated with height 
(p = 0.70) or maturity (p = 0.28) (Table 4.6).  The difference in lodging scores over all 
environments was 0.1 on a scale of 1 to 5, with NILs homozygous for the PI 68658 allele 
exhibiting less lodging than NILs homozygous for the Lawrence allele at Satt300.  
 In population YLIIIB, Satt414 was not significantly associated with yield in any of the 
locations or years, and the overall difference in yield between NILs homozygous for the PI 
68658 allele and NILs homozygous for the Lawrence allele was 4 kg ha
-1
 (Table 4.5).  Satt414 
was also not significantly associated with height (p = 0.20), maturity (p = 0.52), or lodging (p = 
0.16) across the experiment (Table 4.6).    In population YLIIIC, yield was significantly 
associated with Satt474 at Arthur in 2009 (p = 0.004), where RILs homozygous for the PI 68658 
allele yielded on average 235.9 kg ha
-1
 more than RILs homozygous for the Lawrence allele 
(Table 4.5).  Satt474 was not significantly associated with yield at any other location, but was 
significantly associated with yield across environments (p = 0.04), with NILs homozygous for 
the PI 68658 allele yielding 52.1 kg ha
-1
 more than NILs homozygous for the Lawrence allele.  
The PI 68658 allele at Satt474 had an additive effect of 26.1 kg ha
-1
 on yield across 
environments.  Satt474 was not significantly associated with height (p = 0.31), maturity (p = 
0.09), or lodging (0.06) (Table 4.6).   
Y94A RIL Population 
 In the Y94A RIL population, there was a significant phenotypic correlation between yield 
and height (r = 0.47, p < 0.05), and no significant phenotypic correlations between yield and 
maturity (r = 0.002) or lodging (r = 0.07).  The genotypic correlation between yield and height 
was significant (r = 0.30, p < 0.05), and there was no significant genotypic correlations between 
yield and maturity (r = 0.12) or lodging (r = -0.06). Across all environments, heritability for yield 
was calculated to be 0.59.  The average yields for the Y94A RIL population with marker 
associations are graphically compared in Figure 4.2. 
Yield and height were lowest in 2008 and greatest in 2010 (Table 4.7).  Lodging scores 
and maturity dates were fairly consistent across each environment.  In each environment, there 
were minimal differences between height, maturity date, and lodging score for each marker 
(Table 4.8).  Height was significantly associated with marker Satt300 (p = 0.05) in Urbana 2010, 
and RILs homozygous for the PI 68658 allele were on average 3.3 cm taller than RILs 
homozygous for the LD00-3309 allele.  Maturity was significantly associated with Satt300 in 
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Urbana 2008 (p = 0.04), and RILs homozygous for the PI 68658 allele matured on average 1.2 
days earlier than RILs homozygous for the LD00-3309 allele.  Lodging was not significantly 
associated with any of the four yield QTL markers (p > 0.05) at any of the six locations.  Over 
years, there were no significant differences in height, maturity, or lodging score (p > 0.05) (Table 
4.9) which was consistent for the other three yield QTL markers (Table 4.10). 
 Marker Satt300 was significantly associated with yield at both locations in 2008 and 
2010, and across the experiment as a whole (p = 0.001; Table 4.11).  Across all environments, 
the yield difference between RILs homozygous for the PI 68658 allele and RILs homozygous for 
the LD00-3309 allele was 136.7 kg ha
-1
, with the PI 68658 allele having an additive effect of 
68.4 kg ha
-1
 (Table 4.12).   In each environment, Satt300 accounted for between 3 and 17% of 
the phenotypic variation for yield, with an average R
2
 of 10.7% across all six environments.  
Satt445 was significantly associated with yield only in Urbana 2010 (p = 0.03), with RILs 
homozygous for the PI 68658 allele yielding 97.9 kg ha
-1
 more than lines homozygous for the 
allele from LD00-3309, and the PI 68658 allele an additive effect of 49 kg ha
-1
.  Satt445 was not 
significantly associated with yield across all environments (p = 0.72).  Satt474 was significantly 
associated with yield in 2008 and 2009 in Urbana, across 2009, and across all environments (p = 
0.03), with a 62.6 kg ha
-1
 yield increase associated with the homozygotes for the LD00-3309 
allele compared to the Lawrence allele.  The R
2
 for Satt474 and yield ranged from 1 to 20% in 
each environment, with an average R
2
 of 9.5% across all environments. Satt414 was not 
significantly associated with yield in any environment or year (p > 0.05), and there was no 
significant association across all environments (p = 0.69) for this marker. 
Analyzing the yield component data (Table 4.13), no significant interactions (p > 0.05) 
were found between the markers Satt300 and Satt445 for any of the traits.  In general, the PI 
68658 allele was associated with greater seed production at both Satt300 and Satt445, although 
the association was not significant.  Satt474 was significantly associated with greater plant seed 
yield (p = 0.05), and RILs homozygous for the LD00-3309 allele yielded 8.5 more seeds per 
plant on average than RILs homozygous for the Lawrence allele.  Satt300 and Satt474 were also 
significantly associated with the number of pods on the main stem.  Homozygotes for the PI 
68658 allele at Satt300 produced 1.7 more pods per plant than homozygotes for the Lawrence 
allele (p = 0.02), and homozygotes for the LD00-3309 allele at Satt474 produced 4.1 more pods 
than homozygotes for the Lawrence allele.  There were no significant associations with any of 
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the markers for number of total nodes or nodes with pods on the main stem, number of branches 
or pods on branches, number of seeds per pod, or 100 seed weight.   
 
DISCUSSION AND CONCLUSIONS 
NIL Populations 
Satt300 and Satt414 were not significantly associated with yield (p > 0.05), and Satt474 
was significantly associated with yield in one environment and across the overall experiment (p 
= 0.04).  While Satt474 was significantly associated with yield across the six environments, it is 
questionable if this marker is associated with a broadly functional yield QTL.  The marker-yield 
association in Arthur 2009 was very high (p = 0.004), but was insignificant in the other 
environments (p = 0.22 to 0.67) and the PI 68658 allele had an average additive effect of 6.1 kg 
ha
-1
 in these five environments, indicating that the high significance in Arthur 2009 was the 
major contributor of the significance across the overall experiment.  Therefore, the QTL linked 
to Satt474 may not be a good QTL to target for general breeding purposes to increase yield.  
Based on these results, we cannot confirm any of these three markers from the NIL populations 
at the significance level p-value less than 0.01 that is required by the Soybean Genetics 
Committee. 
This experiment may have been hindered by small NIL populations and the weather in 
2008.  The weather in 2008 was sub-optimal, and may have created difficulties in identifying 
significant differences in yield by limiting the yield potential of soybean.  In comparison, the 
weather in 2009 was more normal; this difference in environment may explain the more positive 
yield increases associated with the PI 68658 alleles in 2009 compared with 2008.  Although a 
significant yield difference was only identified in one environment for one of the three markers, 
there appeared to be a trend for the PI 68658 alleles to be favorable in 2009 while the Lawrence 
alleles were more favorable in 2008, indicating that the environment may have a strong influence 
on the action of the QTL underlying these markers. 
Small population size was also a limitation to this experiment.  Each NIL population 
consisted of 36 to 41 NILs, with about 20 NILs in each allele class.  Yield differences tend to be 
small and highly environmentally influenced (Guzman et al., 2007; Kabelka et al., 2004), and 
small confirmation population sizes could make it quite difficult to discern significant 
differences.  Small RIL populations (n < 100) tend to lead to fewer QTL being detected 
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(Bernardo, 2008).  Although the populations in our study were NILs, which should make it easier 
to detect QTL in the populations, the NIL population sizes may have been too small to have 
allowed for the significant QTL to be identified.  Without a larger confirmation population, 
however, it was also difficult to conclusively reject these QTL as yield QTL.  The QTL were 
initially identified in a Lawrence background, so it seems less likely that the inability to identify 
significance was due to QTL x genetic background effects.  The remaining explanations include 
possibilities that the QTL were falsely identified initially, a QTL x environment interaction 
occurred during 2008 and 2009 that prevented detection, the yield QTL required a second QTL 
from the PI to interact with to cause a yield increase, or that the confirmation populations were 
too small to finitely conclude if the yield QTL had any effect.  In order to obtain a clearer 
understanding of the QTL effects, larger NIL populations could be developed to provide a better 
basis for estimating the marker effects. 
Y94A RIL Population 
Yield QTL were identified and confirmed more successfully in the Y94A RIL population 
than the NIL populations.  Satt300 was found to be significantly associated with yield, and the PI 
68658 allele had an additive effect of a 72.8 kg ha
-1
 yield increase compared to the LD00-3009 
allele.  At Satt474, the LD00-3309 allele had an additive effect of 37.8 kg ha
-1
 greater yield than 
the Lawrence allele.  Both QTL were significantly associated with yield (p < 0.05) at individual 
environments and across the overall experiment.  However, the QTL were not identified in all 
environments, although the identified high-yielding allele tended to be associated with higher 
yields in the non-significant environments than the low-yielding allele.  The yield QTL linked to 
Satt300 and Satt474 also were not found to be associated with increased height or maturity, 
which can act to increase yield, indicating the QTL at Satt300 and Satt474 may be true yield 
QTL that affect yield components. 
This confirmation project was able to confirm at a p-value < 0.01 the yield QTL 
associated with Satt300.  In the original mapping study performed by Guzman et al. (2007), this 
QTL had the most consistent effect at individual environments of all the QTL identified and 
accounted for 18% of the phenotypic variation with an additive effect of 60 kg ha
-1
 contributed 
by the PI 68658 allele, meaning this QTL had a notable addition to yield and was a likely QTL to 
identify in a confirmation study.  In the confirmation experiment, Satt300 was the most 
consistently identified significant marker and accounted for about 11% of the phenotypic 
 100 
 
variation for yield across the experiment, but was still only associated with yield in four of the 
six environments.  Of note, Satt300 was not significantly associated with yield in 2009, but was 
associated with yield in 2008 and 2010 at both locations.  These findings indicate that the QTL at 
Satt300 may be environmentally influenced and might not perform equivalently in all 
environments.  There was no significant interaction between Satt300 and environment (p = 0.39), 
but the experiment was limited by entries and environments, making it difficult to conclusively 
reject hypotheses. 
The QTL linked to Satt414 was originally found to account for over 25% of the 
phenotypic variation for yield in the mapping population, yet we were unable to confirm or even 
significantly associate this marker with yield.  In our confirmation project, the PI 68658 allele at 
Satt414 actually tended to reduce yields compared to the LD00-3309 allele, and had an additive 
effect of -14.7 kg ha
-1
 (p = 0.69) across all environments.  The inability to re-identify 
significance associated with this marker could be caused by small population size.  Beavis 
(1994) compared the ability to identify QTL in populations of 400 and 100 individuals and found 
that four QTL were identified in the N=400 population while only one to three QTL were 
identified in the N=100 populations.  The Y94A population was developed from a backcross 
population, which should result in increased sensitivity for yield QTL detection because fewer 
overall QTL are segregating, but it still may have been too small to identify all significant yield 
QTL.  
The failure to identify the QTL associated Satt414 and Satt445 could also be caused by a 
QTL x genetic background interaction.  The Y94A population had LD00-3309, a high-yielding 
variety, as a recurrent parent.  LD00-3309 is likely to be fixed for the high yield QTL alleles at 
many loci, and may already have had yield QTL that are equal to or superior to the QTL 
contributed by PI 68658 at loci of interest.  For example, the identification of a yield effect at 
Satt474, which was segregating for alleles contributed by LD00-3309 and Lawrence, indicates 
that LD00-3309 has a yield increasing allele near this marker.  The yield QTL allele in PI68658 
linked to Satt414 may exist and provide a significant yield increase in some backgrounds, but the 
QTL needs to be uncommon among breeding sources for it to be useful to breeders.  LD00-3309 
may have a similarly yielding or superior QTL at this locus, making it impossible to detect a 
difference between the PI 68658 allele and the LD00-3309 allele.  The QTL at Satt414 could be 
crossed into a different background for confirmation to discern if it has potential use for 
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breeders.  Ideally, genome sequencing in the future could allow breeders to directly compare 
lines for allelic similarities and differences, and build crosses with superior combinations of high 
yield alleles. 
Yield components collected in Urbana during 2010 were evaluated to further understand 
the plant basis for the yield QTL associated with Satt300, Satt445, and Satt474, the three markers 
that were significantly associated with yield in at least one environment.  Satt300 and Satt445 
were not significantly associated with number of seeds per plant, although there was a trend for 
RILs with the PI 68658 alleles to produce more seeds, and the PI 68658 alleles had additive 
effects of 2.3 and 0.8 seeds per plant, respectively.  Plant seed yield was significantly associated 
with Satt474 (p = 0.05), and the LD00-3309 allele had an additive effect of 4.2 seeds per plant 
over the Lawrence allele.  Although seed number was not significant for Satt300, the standard 
deviation for plant seed yield was large, about 20 seeds, which may have made it difficult to 
identify significant differences.  In addition, the sample size was small, with about 14 to 20 RILs 
in each allele class, which may have also limited the ability to statistically detect differences. 
Satt300 and Satt474 were significantly associated with the number of pods on the main stem (p = 
0.02 and 0.01), while Satt445 was not significantly associated with pod number (p = 0.37).  The 
PI 68658 allele at Satt300 had an additive effect of 0.9 additional pods per plant, and the LD00-
3309 allele at Satt474 had an additive effect of 2 additional pods per plants.  The average number 
of seeds per pod was very consistent among all RILs, averaging between 2.16 and 2.18 seeds per 
pod, and the average 100 seed weight was also not significantly associated with any markers.  
These results indicate that the greater soybean yield observed in this population was produced by 
adding additional pods, rather than by increasing number of seeds per pod or seed size.  
Assuming a soybean population of 40,500-60,750 plants per hectare (100-150,000 plants per 
acre), a genotype that yields a few extra pods per plant could result in a significant yield 
increase. 
Identification of significant yield component-marker associations in the Y94A population 
was limited for three reasons.  First, yield component data were only collected in one year and at 
one location; data collected from additional locations or years would increase the number of 
observations and make it possible to extrapolate the results over multiple environments.  Second, 
collecting data from one replication of the entire population, rather than collecting data from two 
replications of half the population as was done in this experiment, would have provided more 
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genotypes to analyze and would have reduced error, strengthening the results and possibly 
allowing us to declare additional traits significant.  Finally, selecting RILs based on specific 
genotype combinations with Satt300 limited our ability to analyze QTL-QTL interactions and 
may have confounded the ability to identify significant QTL.  For example, four genotypes are 
possible in a two marker combination (AA, AB, BA, and BB) but by restricting the selected 
RILs, we favored homozygote combinations over heterozygote combinations nearly 2:1.  An 
even distribution of genotypes would allow for a better estimation of QTL interactions.  In this 
study, no significant QTL-QTL interactions were identified, meaning we did not see any 
additional yield effects from combining significant markers.  The inability to detect significant 
QTL-QTL interactions may have been caused by large standard deviations resulting from the 
low number of genotypes analyzed.  Weighting the dataset towards AA/BB genotypes may also 
have affected our estimations of marker significance because pairs of high yield alleles were 
found together more frequently than opposite yielding pairs of alleles.  This may have resulted in 
confounding the effects of high yielding alleles together.  Increasing the number of genotypes in 
all classes could improve the estimation of single marker effects and interactions. 
 Considering both confirmation projects, it was not unexpected that all yield QTL were 
not detected or confirmed.  Yield is a notoriously difficult trait to work with (Orf et al., 1999), as 
it is quantitatively controlled and highly environmentally influenced.  In addition, the 
populations were small, meaning that standard deviations and error terms may have been too 
large to allow us to detect significant QTL in all cases.  Detecting Satt300 in the Y94A RIL 
population but not in the YLIIIA NIL population is reasonable based on the larger size of the 
RIL population and the random nature of identifying QTL in small populations (Beavis, 1994).  
More importantly, Satt300 was confirmed using the high yielding variety LD00-3309 in the 
background.  This indicates that the PI allele at Satt300 is not only a yield QTL compared with 
Lawrence, but that this QTL can also act beneficially to improve yield in modern breeding 
varieties.  By validating Satt300 in a different genetic background, we confirmed the presence of 
a high yield QTL at Satt300 and also demonstrated its potential usefulness to contribute to and 
improve elite varieties. 
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Table 4.1.  Significant yield QTL identified by Guzman et al. (2007), the marker associated with 
the QTL, the percent phenotypic variance explained (R
2
), and the additive effect of an allele 
substitution where a positive value indicates the allele was from the PI 68658 parent. 
Chromosome (LG) Marker R2 
Additive effect 
(kg ha-1) 
5  (A1) Satt300 18.0 60 
16  (J) Satt414 25.7 80 
10  (O) Satt445 9.7           -40 
14  (B2) Satt474 8.0 40 
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Table 4.2. Average yields and agronomic traits in each environment, across years, and across all 
locations for the YLIIIA population, segregating at marker Satt300, separated by contributing 
parental allele.  Maturity is scored as the number of days, with September 1 scored as 901.  
Lodging is on a scale of 1 to 5, where 1 indicates fully upright plants and 5 indicates fully 
prostrate plants. 
 
 Overall 2008 2009 
 
PI 68658 
allele 
Lawrence 
allele 
PI 68658 
allele 
Lawrence 
allele 
PI 68658 
allele 
Lawrence 
allele 
Height (cm) 75.3 75.5 73.7 73.4 76.7 77.2 
Maturity date 928.3 928.5 932.0 932.2 924.7 924.9 
Lodging (1-5) 1.4 1.5 1.2 1.3 1.6 1.7 
Yield (kg ha-1) 3083 3082 2800 2841 3364 3323 
       
       
 Urbana 2008 Hume 2008 Arthur 2008 
 
PI 68658 
allele 
Lawrence 
allele 
PI 68658 
allele 
Lawrence 
allele 
PI 68658 
allele 
Lawrence 
allele 
Height (cm) 74.8 74.9 74.0 74.1 72.4 71.6 
Maturity date 926.2 926.3 947.4 947.4 922.3 922.7 
Lodging (1-5) 1.1 1.2 1.2 1.3 1.2 1.4 
Yield (kg ha-1) 3049 3162 1972 1965 3379 3394 
       
       
 Urbana 2009 Hume 2009 Arthur 2009 
 
PI 68658 
allele 
Lawrence 
allele 
PI 68658 
allele 
Lawrence 
allele 
PI 68658 
allele 
Lawrence 
allele 
Height (cm) 77.9 78.5 58.5 58.6 93.7 94.8 
Maturity date 922.5 922.4 933.1 933.3 918.3 918.8 
Lodging (1-5) 1.3 1.3 1.4 1.4 2.2 2.4 
Yield (kg ha-1) 3317 3344 2580 2465 4194 4161 
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Table 4.3. Average yields and agronomic traits in each environment, across years, and across all 
locations for the YLIIIB population, segregating at marker Satt414, separated by contributing 
parental allele.  Maturity is scored as the number of days, with September 1 scored as 901.  
Lodging is on a scale of 1 to 5, where 1 indicates fully upright plants and 5 indicates fully 
prostrate plants. 
 
 
 Overall 2008 2009 
 
PI 68658 
allele 
Lawrence 
allele 
PI 68658 
allele 
Lawrence 
allele 
PI 68658 
allele 
Lawrence 
allele 
Height (cm) 84.4 83.7 86.8 86.1 82.4 81.7 
Maturity date 930.7 930.6 932.6 932.8 928.9 928.5 
Lodging (1-5) 1.4 1.5 1.5 1.5 1.4 1.4 
Yield (kg ha-1) 3211 3207 2945 2968 3477 3441 
       
       
 Urbana 2008 Hume 2008 Arthur 2008 
 
PI 68658 
allele 
Lawrence 
allele 
PI 68658 
allele 
Lawrence 
allele 
PI 68658 
allele 
Lawrence 
allele 
Height (cm) 85.7 85.6 76.7 75.8 92.9 92.0 
Maturity date 928.8 928.5 946.8 947.1 922.1 922.3 
Lodging (1-5) 1.3 1.4 1.3 1.3 1.7 1.8 
Yield (kg ha-1) 3211 3335 2083 2021 3542 3590 
       
       
 Urbana 2009 Hume 2009 Arthur 2009 
 
PI 68658 
allele 
Lawrence 
allele 
PI 68658 
allele 
Lawrence 
allele 
PI 68658 
allele 
Lawrence 
allele 
Height (cm) 77.9 77.7 72.8 71.3 96.5 96.1 
Maturity date 928.0 927.6 934.6 934.4 924.1 923.6 
Lodging (1-5) 1.2 1.2 1.5 1.5 1.5 1.6 
Yield (kg ha-1) 3261 3257 3091 2979 4079 4086 
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Table 4.4. Average yields and agronomic traits in each environment, across years, and across all 
locations for the YLIIIC population, segregating at marker Satt474, separated by contributing 
parental allele.  Maturity is scored as the number of days, with September 1 scored as 901.  
Lodging is on a scale of 1 to 5, where 1 indicates fully upright plants and 5 indicates fully 
prostrate plants. 
 
 
 
 Overall 2008 2009 
 
PI 68658 
allele 
Lawrence 
allele 
PI 68658 
allele 
Lawrence 
allele 
PI 68658 
allele 
Lawrence 
allele 
Height (cm) 77.5 77.9 76.9 77.5 77.9 78.1 
Maturity date 925.7 926.0 925.8 926.1 925.7 925.8 
Lodging (1-5) 1.3 1.3 1.2 1.2 1.3 1.4 
Yield (kg ha-1) 3306 3254 3110 3124 3496 3385 
       
       
 Urbana 2008 Hume 2008 Arthur 2008 
 
PI 68658 
allele 
Lawrence 
allele 
PI 68658 
allele 
Lawrence 
allele 
PI 68658 
allele 
Lawrence 
allele 
Height (cm) 75.4 77.3 76.8 77.3 78.5 77.8 
Maturity date 925.7 926.3 930.0 930.0 921.5 921.8 
Lodging (1-5) 1.1 1.2 1.4 1.5 1.0 1.0 
Yield (kg ha-1) 3128 3173 2470 2445 3748 3770 
       
       
 Urbana 2009 Hume 2009 Arthur 2009 
 
PI 68658 
allele 
Lawrence 
allele 
PI 68658 
allele 
Lawrence 
allele 
PI 68658 
allele 
Lawrence 
allele 
Height (cm) 70.9 71.6 74.4 74.0 88.6 88.8 
Maturity date 925.0 925.7 933.7 933.9 918.1 918.0 
Lodging (1-5) 1.2 1.2 1.5 1.5 1.3 1.3 
Yield (kg ha-1) 3039 2999 3512 3459 3935 3699 
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Table 4.5. Probability values and yield differences between the NILs that are homozygous for 
alleles from each parent across the overall experiment, years, and in each environment. A 
positive value indicates that the NILs homozygous for the PI 68658 allele had a greater yield 
than the NILs homozygous for the Lawrence allele. 
 
 
YLIIIA - Satt300 
   
YLIIIB - Satt414 
  
 
Yield Dif. 
(kg ha-1) p-value   
Yield Dif. 
(kg ha-1) p-value 
Overall 1.0 0.99  Overall 4.0 0.99 
2008 -40.3 0.45  2008 -23.0 0.59 
2009 40.8 0.45  2009 36.2 0.48 
Urbana 2008 -113.6 0.10  Urbana 2008 -123.6 0.31 
Arthur 2008 -14.8 0.87  Arthur 2008 -47.7 0.25 
Hume 2008 6.7 0.90  Hume 2008 62.5 0.31 
Urbana 2009 -26.9 0.61  Urbana 2009 4.0 0.95 
Arthur 2009 32.9 0.68  Arthur 2009 -6.7 0.93 
Hume 2009 115.6 0.21  Hume 2009 111.6 0.08 
       
       
       
YLIIIC - Satt474 
      
 
Yield Dif. 
(kg ha-1) p-value     
Overall 52.1 0.04     
2008 -14.1 0.79     
2009 110.9 0.22     
Urbana 2008 -36.3 0.65     
Arthur 2008 24.9 0.65     
Hume 2008 -22.2 0.67     
Urbana 2009 40.3 0.54     
Arthur 2009 235.9 0.004     
Hume 2009 53.8 0.25     
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Table 4.6.  Average differences in plant height, maturity date, and lodging, where a rating of 1 is 
completely upright and a rating of 5 is fully prostrate, across all environments for NILs in the 
YLIIIA, YLIIIB, and YLIIIC populations.  A positive value indicates that the NILs homozygous 
for the PI 68658 allele had a greater value than the NILs homozygous for the Lawrence allele. 
 
 
 YLIIIA - Satt300 YLIIIB - Satt414 YLIIIC - Satt474 
 Difference p-value Difference p-value Difference p-value 
Height (cm) -0.2 0.70 0.7 0.20 -0.4 0.31 
Maturity date -0.2 0.28 0.1 0.52 -0.2 0.09 
Lodging (1-5) -0.1 0.01 -0.04 0.16 -0.03 0.06 
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Table 4.7. Average yields and agronomic traits across locations and years for the Y94A 
population.  Maturity date is scored where September 1 is 901.  Lodging is on a scale of 1 to 5, 
where 1 indicates fully upright plants and 5 indicates fully prostrate plants.  
 
 
Urbana 
2008 
Urbana 
2009 
Urbana 
2010 
Hume 
2008 
Hume 
2009 
Hume 
2010 
2008 2009 2010 Overall 
Height (cm) 78.9 81.2 95.2 71.1 73.4 114.7 76.3 78.6 101.7 85.5 
Maturity date 933.6 929.5 923.9 919.7 940.2 914.1 926.6 933.8 919.0 926.1 
Lodging (1-5) 1.2 1.3 1.4 1.5 1.4 1.9 1.4 1.4 1.7 1.5 
Yield (kg ha-1) 3451 4202 4333 2145 3433 3855 2798 3889 4094 3578 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 112 
 
Table 4.8. Average yields and agronomic traits in each environment for the Y94A population, 
separated by marker and contributing parental allele.  Maturity is scored as the number of days, 
with September 1 scored as 901.  Lodging is on a scale of 1 to 5, where 1 indicates fully upright 
plants and 5 indicates fully prostrate plants. A ‘*’ indicates a significant difference (p < 0.05). 
 
 Satt300 
 Hume 2008 Hume 2009 Hume 2010 
 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
Height (cm) 71.9 71.3 74.2 72.1 115.6 113.7 
Maturity date 919.4 919.8 939.7 940.3 913.7 914.3 
Lodging (1-5) 1.5 1.5 1.4 1.5 1.9 1.9 
Yield (kg ha-1) 2266* 2093 3518 3370 3959* 3741 
       
 Urbana 2008 Urbana 2009 Urbana 2010 
 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
Height (cm) 80.1 78.6 80.9 81.1 97.0* 93.7 
Maturity date 932.7* 933.9 929.4 929.3 923.7 924.1 
Lodging (1-5) 1.3 1.2 1.3 1.3 1.4 1.4 
Yield (kg ha-1) 3569* 3410 4208 4209 4422* 4297 
 
 
 Satt414 
 Hume 2008 Hume 2009 Hume 2010 
 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
Height (cm) 71.8 70.9 74.5 72.7 115.6 114.4 
Maturity date 919.8 920.2 940.3 940.4 914.0 914.6 
Lodging (1-5) 1.5 1.5 1.4 1.5 1.9 1.9 
Yield (kg ha-1) 2139 2136 3501 3340 3843 3873 
       
 Urbana 2008 Urbana 2009 Urbana 2010 
 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
Height (cm) 79.4 79.3 81.5 81.0 96.0 95.3 
Maturity date 933.5 933.9 929.6 930.1 924.1 924.3 
Lodging (1-5) 1.2 1.2 1.3 1.3 1.4 1.4 
Yield (kg ha-1) 3456 3491 4210 4218 4337 4387 
 
 
 113 
 
Table 4.8. (cont.) 
 
Satt445 
 Hume 2008 Hume 2009 Hume 2010 
 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
Height (cm) 70.3 71.7 73.4 74.0 114.2 116.1 
Maturity date 919.7 920.1 939.9 940.8 914.0 914.5 
Lodging (1-5) 1.5 1.5 1.4 1.5 1.9 1.9 
Yield (kg ha-1) 2142 2114 3436 3470 3880 3855 
       
 Urbana 2008 Urbana 2009 Urbana 2010 
 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
Height (cm) 78.1 80.0 80.2 82.2 94.5 96.5 
Maturity date 933.4 933.9 929.4 930.0 923.6 924.6 
Lodging (1-5) 1.2 1.3 1.3 1.3 1.4 1.4 
Yield (kg ha-1) 3463 3467 4187 4220 4381* 4283 
 
 
 
 Satt474 
 Hume 2008 Hume 2009 Hume 2010 
 
LD00-3309 
allele 
Lawrence 
allele 
LD00-3309 
allele 
Lawrence 
allele 
LD00-3309 
allele 
Lawrence 
allele 
Height (cm) 71.3 70.8 73.9 73.6 114.7 115.1 
Maturity date 920.0 919.5 940.2 940.1 914.5 914.0 
Lodging (1-5) 1.5 1.5 1.5 1.4 1.9 2.0 
Yield (kg ha-1) 2180 2123 3499 3402 3823 3917 
       
 Urbana 2008 Urbana 2009 Urbana 2010 
 
LD00-3309 
allele 
Lawrence 
allele 
LD00-3309 
allele 
Lawrence 
allele 
LD00-3309 
allele 
Lawrence 
allele 
Height (cm) 79.9 78.3 82.4 80.2 95.5 95.5 
Maturity date 933.4 933.7 930.0 929.3 924.5 923.7 
Lodging (1-5) 1.2 1.2 1.3 1.4 1.4 1.4 
Yield (kg ha-1) 3541* 3421 4307* 4129 4356 4332 
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Table 4.9.  Average yields and agronomic traits across each year for the Y94A population, 
separated by marker and contributing parental allele.  Maturity is scored as the number of days, 
with September 1 scored as 901.  Lodging is on a scale of 1 to 5, where 1 indicates fully upright 
plants and 5 indicates fully prostrate plants.  A ‘*’ indicates a significant difference (p < 0.05). 
 
 Satt300 
 2008 2009 2010 
 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
Height (cm) 77.4 76.1 78.7 78.1 103.2 100.4 
Maturity date 926.1 926.9 933.5 933.8 918.7 919.2 
Lodging (1-5) 1.4 1.4 1.4 1.4 1.7 1.6 
Yield (kg ha-1) 2917* 2752 3933 3866 4191* 4019 
 
 Satt414 
 2008 2009 2010 
 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
Height (cm) 76.9 76.5 79.2 78.2 102.5 101.7 
Maturity date 926.64 927.03 933.97 934.28 919.04 919.46 
Lodging (1-5) 1.4 1.4 1.4 1.4 1.7 1.6 
Yield (kg ha-1) 2797 2813 3920 3860 4090 4130 
 
 Satt445 
 2008 2009 2010 
 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
Height (cm) 75.5 77.2 77.9 79.5 101.0 103.0 
Maturity date 926.5 927.0 933.8 934.3 918.8 919.5 
Lodging (1-5) 1.3 1.4 1.4 1.4 1.6 1.6 
Yield (kg ha-1) 2802 2791 3876 3921 4131 4069 
 
 Satt474 
 2008 2009 2010 
 
LD00-3309 
allele 
Lawrence 
allele 
LD00-3309 
allele 
Lawrence 
allele 
LD00-3309 
allele 
Lawrence 
allele 
Height (cm) 77.0 75.8 79.6 78.0 101.9 100.4 
Maturity date 926.7 926.6 934.2 933.8 919.5 918.4 
Lodging (1-5) 1.3 1.4 1.4 1.4 1.6 1.6 
Yield (kg ha-1) 2861 2772 3975 * 3829 4089 4123 
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Table 4.10. Average yields and agronomic traits across all environments for the Y94A population, separated by marker and 
contributing parental allele.  Maturity is scored as the number of days, with September 1 scored as 930.  Lodging is on a scale of 1 to 
5, where 1 indicates fully upright plants and 5 indicates fully prostrate plants. A ‘*” indicates a significant difference (p < 0.05). 
 
 Overall 
 Satt300 Satt414 Satt445 Satt474 
 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
PI 68658 
allele 
LD00-3309 
allele 
LD00-3309 
allele 
Lawrence 
allele 
Height (cm) 86.4 84.9 86.2 85.5 84.8 86.6 86.2 85.3 
Maturity date 925.6 926.2 926.1 926.5 926.0 926.5 926.4 926.0 
Lodging (1-5) 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Yield (kg ha-1) 3665* 3528 3585 3587 3589 3574 3624* 3562 
 
 
 
 
Table 4.11. Locations and years where each marker was significantly associated with yield in the Y94A population (p < 0.05). 
 
 
Urbana 
2008 
Urbana 
2009 
Urbana 
2010 
Hume 
2008 
Hume 
2009 
Hume 
2010 2008 2009 2010 Overall 
Satt300  x   x x   x x   x x 
Satt414                    
Satt445     x               
Satt474 x x           x   x 
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Table 4.12.  Yield differences between RILs that are homozygous for the high-yielding parent allele and RILs that are homozygous for 
low-yielding parent allele in the Y94A population in each environment, across years, and over all environments.  Significant yield 
differences (p < 0.05) are bolded.   
 
Overall 
Marker Yield Dif (kg ha-1) p-value 
Satt300 136.7 0.001 
Satt414 -1.9 0.69 
Satt445 15.6 0.72 
Satt474 62.6 0.03 
 
2008    2009    2010   
Marker Yield Dif (kg ha-1) p-value  Marker Yield Dif (kg ha
-1) p-value  Marker Yield Dif (kg ha
-1) p-value 
Satt300 165.0 0.004  Satt300 67.9 0.42  Satt300 172.4 0.01 
Satt414 -15.9 0.76  Satt414 59.7 0.78  Satt414 -40.2 0.25 
Satt445 10.9 0.87  Satt445 -45.6 0.48  Satt445 61.8 0.48 
Satt474 89.0 0.08  Satt474 146.2 0.01  Satt474 -14.1 0.41 
           
Urbana 2008   Urbana 2009   Urbana 2010  
Marker Yield Dif (kg ha-1) p-value  Marker Yield Dif (kg ha
-1) p-value  Marker Yield Dif (kg ha
-1) p-value 
Satt300 162.8 0.05  Satt300 9.7 0.94  Satt300 133.9 0.03 
Satt414 -85.9 0.41  Satt414 -22.8 0.71  Satt414 -69.9 0.18 
Satt445 -5.0 0.48  Satt445 -32.9 0.83  Satt445 97.9 0.03 
Satt474 136.6 0.03  Satt474 177.7 0.004  Satt474 35.9 0.56 
        
Hume 2008   Hume 2009   Hume 2010  
Marker Yield Dif (kg ha-1) p-value  Marker Yield Dif (kg ha
-1) p-value  Marker Yld Dif Pr > F 
Satt300 199.8 0.005  Satt300 150.7 0.28  Satt300 212.9 0.01 
Satt414 -2.5 0.67  Satt414 124.9 0.31  Satt414 -76.5 0.62 
Satt445 27.8 0.19  Satt445 -34.5 0.54  Satt445 25.2 0.80 
Satt474 57.6 0.53  Satt474 97.2 0.47  Satt474 -94.1 0.27 
 117 
 
Table 4.13. Average yield component values and standard deviations for the Y94A population, separated by marker and contributing 
parental allele.  Satt300 and Satt445 are segregating for PI 68658 and LD00-3309 alleles, and Satt474 is segregating for LD00-3309 
and Lawrence alleles. 
 
 Satt300 Satt445 
Trait PI 68658 allele LD00-3309 allele p-value PI 68658 allele LD00-3309 allele p-value 
Avg seed yield/plant 93.8 ± 20.3 89.2  ± 21.8 0.08 93.5 ± 22.8 91.9 ± 23.1 0.45 
Avg number of nodes (stem) 18.6  ± 1.4 18.4 ± 1.4 0.46 18.4 ± 1.5 18.7 ± 13.6 0.48 
Avg number of podded nodes 13.4 ± 1.2 13.0 ± 1.2 0.45 13.3 ± 1.4 13.2 ± 1.2 0.82 
Avg number of pods (stem) 36.4 ± 5.2 34.7 ± 5.5 0.02 35.6 ± 5.8 35.9 ± 4.8 0.37 
Avg number of branches 1.7 ±  0.7 1.7 ± 0.7 0.74 1.7 ± 0.6 1.7 ± 0.8 0.81 
Avg number of pods (branches) 6.5 ± 5.2 6.2 ± 3.9 0.75 7.7 ± 5.8 6.1 ± 4.1 0.20 
Avg number of seeds/pod 2.2 ± 0.1 2.2 ± 0.2 0.93 2.2 ± 0.1 2.2 ± 0.3 0.99 
Avg 100 seed weight (g) 12.3 ± 0.8 12.1 ± 0.7 0.14 12.1 ± 0.7 12.3 ± 0.7 0.30 
       
       
 Satt474    
Trait LD00-3309 allele Lawrence allele p-value    
Avg seed yield/plant 95.6 ± 19.9 87.1 ± 21.0 0.05    
Avg number of nodes (stem) 18.8 ± 1.5 18.0 ± 1.3 0.43    
Avg number of podded nodes 13.5 ± 1.4 12.7 ± 1.1 0.51    
Avg number of pods (stem) 37.9 ± 5.5 33.8 ± 5.7 0.01    
Avg number of branches 1.6 ± 0.7 1.7 ± 0.7 0.66    
Avg number of pods (branches) 5.6 ± 4.2 6.2 ± 4.1 0.52    
Avg number of seeds/pod 2.2 ± 0.1 2.2 ± 0.1 0.93    
Avg 100 seed weight (g) 12.1 ± 0.7 12.3 ± 0.8 0.30    
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Figure 4.1.  Average yield in each NIL population across years and over both years at combined 
locations.  The dark bar indicates the yield average from lines homozygous for the PI 68658 
allele and the light bar indicates the average yield from lines homozygous for the Lawrence 
allele.  Significant differences (p < 0.05) are marked with an asterisk over the bars. 
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Figure 4.2. Average yield in the RIL population Y94A across environments in individual years and across environments and years.  
The dark bar indicates the yield average from lines homozygous for the PI 68658 allele and the light bar indicates the average yield 
from lines homozygous for the LD00-3309 allele.  Significant differences (p < 0.05) are marked with an asterisk over the bars. 
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